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PREFACE 


One  of  the  primary  causes  of  aircraft  delay  at  major  airports  which 
are  operating  near  their  capacity  is  aircraft  longitudinal  separation  con- 
straints imposed  by  wake  vortex  considerations.  The  importance  of  the 
problem  has  increased  in  recent  years  because  of  the  increased  fraction 
of  wide-body  aircraft  in  the  airline  fleets.  For  this  reason,  the  U.S.  De- 
partment of  Transportation  initiated  a wake  vortex  research  program  in  the 
early  1970s.  Initially,  the  research  program  was  directed  toward  an  under- 
standing of  vortex  phenomena  — vortex  roll-up  and  formation,  vortex  struc- 
ture, vortex  transport,  vortex  demise,  and  vortex-aircraft  interaction  for  a 
following  aircraft.  Experimental  data  from  individual  flybys  were  carefully 
examined  to  aid  in  the  understanding  of  vortex  phenomena. 


The  end  objective  of  the  vortex-related  research  and  development  is 
an  effective  wake  vortex  avoidance  system  which  could  be  implemented  at 
airports.  It  has  long  been  known  that  a vortex  hazard  exists  for  a very 
small  fraction  of  airport  operating  time.  However,  because  absolute  safety 
is  a requirement,  long  aircraft  separations  are  used  under  radar  control 
even  though  such  separations  are  not  necessary  most  of  the  time.  The  pur- 
pose of  the  wake  vortex  avoidance  system  is  the  identification  of  the  times 
for  which  long  aircraft  separation  times  are  necessary  and  identification  of 
the  times  for  which  short  aircraft  separation  times  may  be  used. 


Research  oriented  toward  the  understanding  of  vortex  phenomena  is 
certainly  necessary  for  the  design  of  an  effective  wake  vortex  avoidance 
system.  However,  a study  of  vortex  characteristics  in  an  operational  en- 
vironment is  also  necessary  for  the  design  of  an  effective  wake  vortex  avoid- 
ance system.  Thus,  the  questions  to  be  answered  are:  What  are  the  vortex 
characteristics  which  are  relevant  to  the  design  of  an  effective  wake  vortex 
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avoidance  system?  How  is  a wake  vortex  avoidance  system  likely  to  op- 
erate? What  are  the  limitations  which  will  be  imposed  upon  an  operational 
wake  vortex  avoidance  system?  From  the  study  of  vortex  behavior  in  an 
operational  environment,  what  should  the  design  of  an  operational  wake 
vortex  avoidance  system  be? 

! I 

From  the  beginning  of  the  wake  vortex  program,  it  has  been  assumed 
that  one  of  the  elements  of  a wake  vortex  avoidance  system  would  be  vortex 
sensing.  The  sensing  of  vortex  residence  time  would  be  used  as  feedback  ? 

for  the  prediction  of  future  vortex  behavior.  However,  no  definitive  concept 
of  how  such  feedback  should  be  accomplished  has  been  formulated. 

The  authors  gratefully  express  their  appreciation  to  James  N.  Hallock 
of  the  Transportation  Systems  Center  for  his  help  and  advice  during  the  study. 
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1.  INTRODUCTION 


One  of  the  primary  causes  of  aircraft  delays  at  major  airports  which  are 
operating  near  their  capacity  is  aircraft  longitudinal  separation  constraints  im- 
posed by  wake  vortex  considerations.  Based  on  projected  increases  in  the  num- 
ber of  aircraft  operations  (Ref.  1),  increased  traffic  delay  will  occur  unless  the 
landing  and  takeoff  capacity  of  major  airports  is  increased.  Delay  is  a nonlinear 
function  of  aircraft  demand  and  increases  very  rapidly  as  demand  approaches 
theoretical  runway  capability.  Although  the  physical  expansion  of  existing  air 
terminals  is  limited  by  environmental  constraints,  economic  constiaints,  and 
available  land  (with  consideration  given  to  5000-ft  separation  between  independent 
parallel  ILS  runways);  increased  numbers  of  aircraft  operations  can  be  achieved 
by  decreasing  the  longitudinal  aircraft  spacing  between  successive  operations. 

In  order  to  maintain  safe  aircraft  operations  while  achieving  minimum  delays, 
a Wake  Vortex  Avoidance  System  (WVAS)  is  under  development  by  the  U.S.  De- 
partment of  Transportation  for  minimizing  the  constraint  on  aircraft  separation 
imposed  by  the  presence  of  wake  vortices  near  the  runway  threshold. 

The  purpose  of  the  work  described  in  this  report  was  an  analysis  of  wake 
vortex  data  collected  at  Kennedy  International  Airport  (JFK)  during  1975.  The 
analysis  was  intended  to  evaluate  the  design  options  and  to  determine  the  opera- 
tional characteristics  of  a WVAS  in  an  operational  environment.  To  provide  a 
background  for  the  results  of  the  analysis  to  be  presented  in  the  later  sections 
of  this  report,  an  overview  of  vortex  behavior  and  wave  vortex  avoidance  sys- 
tems is  presented  in  this  section. 

1.1  BACKGROUND  OF  THE  UNITED  STATES  WAKE  VORTEX  PROGRAM 

Although  the  phenomenon  of  aircraft  wake  vortices  has  been  known  since 
the  beginnings  of  powered  flight,  it  is  only  recently  that  operational  problems 
associated  with  the  phenomenon  have  been  experienced.  All  aircraft  generate 
trailing  wake  vortices  as  a result  of  generating  lift;  however,  the  potential 
danger  of  encountering  these  wake  vortices  has  only  recently  become  apparent. 
Aircraft  wake  vortices  now  constitute  one  of  the  major  problems  confronting 
the  air  traffic  control  system. 
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Before  1970,  landing  aircraft  maintained  3 -nautical-mile  separations 
under  Instrument  Flight  Rule  (IFR)  operations.  The  separation  standard  was 
based  primarily  on  radar  operating  limits  and  to  a lesser  extent  on  runway 
occupancy  limitations.  There  were  no  separation  standards  imposed  because 
of  vortex  considerations. 

With  the  introduction  of  the  wide-body  jets  (B-747,  DC- 10,  and  L-1011) 
and  the  increasing  number  of  aircraft  operations  at  the  major  airports,  the 
wake  vortex  problem  has  taken  on  increasing  significance.  The  vortices  from 
heavy  aircraft  can  present  a severe  hazard  to  smaller  aircraft  which  inadver- 
tently encounter  the  vortices;  the  following  aircraft  can  be  subjected  to  rolling 
moments  which  exceed  the  aircraft  roll  control  authority,  to  a dangerous  loss 
of  altitude,  and  to  a possible  structural  failure.  The  probability  of  a vortex 
encounter  is  greatest  in  the  terminal  area  where  light  and  heavy  aircraft 
operate  on  the  same  flight  paths  in  close  proximity  and  where  recovery  from 
an  upset  may  not  be  possible  because  of  the  low  aircraft  altitude. 

Accordingly,  the  solution  implemented  by  the  Federal  Aviation  Admin- 
istration (FAA)  in  March  1970  was  to  increase  the  separation  standards 
behind  the  heavy  jets  (a  heavy  jet  has  a maximum  certificated  takeoff  weight 
least  300,000  lb)  to  4 nautical  miles  for  a following  heavy  aircraft 
and  to  5 nautical  miles  for  a following  non-heavy  aircraft.  The  United  Kingdom 
took  similar  measures,  and  in  April  1975  implemented  a 6 -nautical-mile  spac- 
ing for  non-heavy  aircraft  following  a wide-body  jet.  The  United  States  re- 
vised the  separation  standards  in  November  1975  by  requiring  the  addition  of 
an  extra  nautical-mile  separation  for  following  aircraft  with  a maximum  certif- 
icated takeoff  weight  less  than  12,500  lb.  However,  these  increased  separations 
led  to  additional  delays  and  decreased  the  capacity  and  efficiency  of  the  airport 
system  through  reduced  runway  utilization  rates  and  increased  fuel  consumption. 

The  FAA  has  a broad  objective  to  increase  the  airport  and  airway  system 
capacity  by  1980  and  to  increase  current  capacity  five-fold  by  1995.  Potential 
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capacity  relief  through  construction  of  more  air  carrier  airports  or  addi- 
tional runways  at  existing  airports  is  not  economically  feasible.  The  need 
to  increase  the  capacity  of  the  nation's  airports  and  to  increase  protection 
against  accidents  has  led  to  a program  by  the  FAA  to  develop  an  Upgraded 
Third  Generation  air  traffic  control  system  for  the  1980s  (Ref.  2). 

The  success  of  this  system  is  dependent  upon  the  development  of  tech- 
niques for  reducing  the  longitudinal  separations  required  to  avoid  the  hazard 
from  trailing  wake  vortices,  particularly  behind  heavy  aircraft  during  approach 
and  landing.  It  appears  that  airports  can  achieve  a two-fold  capacity  increase 
with  the  Upgraded  Third  Generation  improvements,  such  as  dual  runways,  im- 
proved landing  aids  and  data  acquisition  systems,  reduced  separation  to  2500 
ft  between  parallel  runways,  and  reduced  longitudinal  separations.  Today, 
the  technology  exists  to  develop  the  necessary  hardware/software  which  will 
substantially  increase  runway  capacity;  but  the  wake  vortex  problem  must  be 
solved  before  these  advanced  systems  can  be  used  to  their  full  potential. 

An  excellent  summary  of  the  current  state-of-the-art  understanding  of 
the  aircraft  wake  vortex  phenomenon  and  the  results  of  the  United  States  pro- 
gram to  minimize  the  restrictions  caused  by  aircraft  wake  vortices  in  the 
terminal  environment  is  presented  in  Ref.  3.  The  reader  is  referred  to  that 
document  for  a background  to  the  work  presented  in  this  report.  Summaries 
of  the  important  topics  in  Refs.  4 through  18  as  cited  in  the  remainder  of  this 
section  are  contained  in  Ref.  3. 

In  the  early  19708,  vortex  work  centered  on  vortex  formation  and  vortex 
structure.  Particularly  significant  was  the  analytical  model  of  the  vortex 
roll-up  process  by  Donaldson  et  al.  (Ref.  4),  which  augmented  the  earlier  work 
by  Betz  (Ref.  5).  The  Donaldson  model  clearly  showed  the  effect  of  aircraft 
and  flight  parameters  on  vortex  roll-up  and  vortex  strength.  Criteria  for  the 
generation  of  multiple  vortices  were  derived.  During  the  same  time  period 
(early  1970s),  the  National  Aviation  Facilities  Experimental  Center  (NAFEC) 
conducted  a series  of  measurements  of  vortex  structure  using  tower-mounted 
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anemometers  and  colored  smoke  for  photographic  records  (e.g.,  Refs.  6,  7, 
and  8).  Vortex  structure  (i.e.,  vortex  tangential  velocity  as  a function  of  the 
radial  coordinate)  was  measured  for  different  configurations  (i.e.,  flap  and 
power  settings)  and  different  values  of  vortex  age.  Also  in  the  early  1970s, 
Crow  presented  his  model  of  mutual  annihilation  of  the  vortex  pair  due  to  an 
instability  triggered  and  driven  by  atmospheric  turbulence  (Ref.  9). 

In  the  mid  1970s,  much  attention  was  given  to  an  understanding  of  vortex 
transport.  Brashears  and  Hallock  (Ref.  10)  developed  a model  of  vortex  trans- 
port which  included  the  effects  of  ambient  wind,  wind  shear,  and  buoyancy  on 
vortex  transport.  The  influence  of  the  various  meteorological  parameters 
upon  vortex  transport  was  derived  (Ref.  11). 

In  addition  to  the  activity  related  to  the  study  of  vortex  phenomena  de- 
scribed above,  three  other  parallel  efforts  occurred  in  the  early  and  mid 
1970s.  The  first  was  the  development  of  vortex  sensors.  Several  candidate 
systems  were  evaluated  and  tested  to  determine  their  feasibility  as  vortex 
sensors.  The  most  significant  of  the  candidates  (in  terms  of  the  ability  to 
make  meaningful  vortex  measurements  and  have  some  potential  for  operational 
implementation)  were  the  Ground  Wind  Vortex  Sensing  System  (GWVSS,  Ref.  12), 
the  Doppler  Acoustic  Vortex  Sensing  System  (DAVSS,  Ref.  13),  the  Monostatic 
Acoustic  Vortex  Sensing  System  (MAVSS,  Ref.  14),  and  the  Laser  Doppler 
Velocimeter  (LDV,  Ref.  16).  These  systems  were  developed  to  the  point  at 
which  their  feasibility  was  determined  and  their  salient  operating  character- 
istics were  defined.  The  second  effort  was  a hazard  definition  effort  (Refs. 

16  and  17)  which  attempted  to  define  the  minimum  safe  separation  between  an 
aircraft  and  a vortex.  The  third  effort  was  aerodynamic  minimization,  which 
was  an  attempt  to  decrease  the  strength  of  vortices  or  induce  early  vortex 
break-up  by  aerodynamic  modifications  to  the  generating  aircraft.  Reference 
18  contains  a summary  of  aerodynamic  minimization  techniques  which  have 
been  tested. 
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The  elements  of  the  wake  vortex  program  described  above  have  been 
conducted  in  a research  environment.  The  conducting  of  these  elements  in 
a research  environment  has  been  based  upon  the  axioms:  (1)  an  increased 
understanding  of  vortex  phenomena  and  vortex  behavior  will  lead  to  better 
methods  of  avoiding  the  hazardous  effects  of  wake  vortices;  (2)  analytic  models 
of  vortex  behavior  and  the  calculated  results  of  such  analytic  models  developed 
in  a research  environment  will  be  directly  useful  for  the  avoidance  of  wake  vor- 
tices in  an  operational  environment;  and  (3)  some  of  the  instruments  developed 
for  measuring  vortex  characteristics  in  a research  environment  can  be  devel- 
oped into  operational  vortex  detectors,  and  the  research  vortex  measurements 
will  provide  an  indication  of  the  capabilities  of  various  vortex  measurement 
devices. 

The  purpose  of  the  test  series  which  is  the  subject  of  this  report  is 
effecting  the  transition  between  the  research  environment  in  which  the  pre- 
vious elements  of  the  wake  vortex  program  have  been  conducted  and  the  im- 
plementation of  a preprototype  Wake  Vortex  Avoidance  System.  The  intent 
of  the  test  series  was  to  collect  a large  quantity  of  data  which  are  similar  to 
data  which  would  be  obtained  in  an  operational  environment.  A study  of  the 
data  would  then  indicate  which  parameters  would  be  most  useful  in  an  opera- 
tional environment,  in  what  form  the  parameters  should  be  presented  in  an 
operational  environment,  the  degree  of  sophistication  of  analytic  and  pre- 
dictive models  which  would  be  appropriate  in  an  operational  environment, 
and  how  the  various  vortex  sensors  could  be  expected  to  perform  in  an 
operational  environment. 

1.2  DEFINITIONS 

The  definition  of  several  terms  is  deemed  appropriate  for  the  clear 
understanding  of  the  principles  discussed  in  this  report. 
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1.2.1  Vortex- protected  Corridor 


If  there  is  no  vortex  in  a region  near  the  ILS,  there  is  no  vortex  hazard 
to  following  aircraft.  The  vortex-protected  corridor  (or  vortex  corridor)  is 
defined  as  the  airspace  for  which  the  absence  of  vortices  is  a sufficient  con- 
dition for  safe  passage  by  a following  aircraft.  For  the  purposes  of  this  re- 
port, the  vortex  corridor  is  defined  as  a corridor  which  extends  150  ft  laterally 
on  each  side  of  the  localizer  centerline  from  the  middle  marker  to  the  runway 
touchdown  zone.  The  altitude  of  the  vortex  corridor  extends  upward  from  the 
surface.  The  150-ft  criterion  is  based  upon  the  standard  deviation  of  lateral 
aircraft  position  about  the  localizer  centerline  (3a  = 50  ft,  Ref.  19)  at  the 
middle  marker  and  the  lateral  distance  above  which  a vortex  cannot  signifi- 
cantly affect  aircraft  motion  (100  ft.  Ref.  20).  Since  the  primary  focus  of 
this  report  is  vortex  behavior  in  ground  effect,  vortex  behavior  when  the  air- 
craft is  inbound  from  the  middle  marker  is  of  primary  concern. 

1.2.2  Significant  Times  Related  to  Vortex  Behavior 

There  are  three  significant  times  related  to  vortex  behavior.  These 
are;  (1)  vortex  transport  time,  which  is  the  time  (measured  from  the  time 
of  aircraft  passage)  required  for  both  vortices  to  be  transported  out  of  the 
vortex  corridor:  (2)  vortex  life  time,  which  is  the  time  from  aircraft  passage 
until  both  vortices  disintegrate  or  decay  sufficiently  to  be  innocuous  to  follow- 
ing aircraft,  regardless  of  the  position  of  the  vortices  relative  to  the  vortex 
corridor;  and  (3)  vortex  residence  time,  which  is  the  time  (measured  from 
aircraft  passage)  during  which  a vortex  is  active  in  the  vortex  corridor. 


3^ 

In  the  context  of  this  report,  the  Instrument  Landing  System  (ILS)  refers  to 
the  path  defined  by  the  intersection  of  the  centerline  of  the  localizer  and  the 
centerline  of  the  glideslope  from  the  outer  marker  to  the  runway  touchdown 
zone. 
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For  vortex  transport,  the  downwind  vortex  almost  always  exits  the 
vortex  corridor  before  the  upwind  vortex.  Therefore,  the  vortex  transport 
time  is  almost  always  the  time  at  which  the  upwind  vortex  exits  from  the 
vortex  corridor.  If  the  vortex  disintegrates  before  it  leaves  the  vortex 
corridor,  the  transport  time  is  the  time  that  the  vortex  would  have  left  the 
vortex  corridor  if  it  had  not  disintegrated.  Vortex  life  time  is  the  time  at 
which  vortex  demise  occurs.  There  are  three  mechanisms  by  which  vortex 
demise  may  occur.  The  first  and  second  mechanisms  are  vortex  bursting 
(Ref.  3)  and  mutual  annihilation  by  Crow  Instability  (Ref.  9).  "Vortex  disinte- 
gration" is  the  term  used  for  vortex  demise  by  either  of  these  two  mechanisms. 
The  third  mechanism  is  viscous  decay  by  which  the  strength  of  the  vortex  de- 
creases sufficiently  so  that  it  will  not  be  hazardous  to  following  aircraft. 
"Vortex  decay"  is  the  term  used  for  vortex  demise  by  viscous  decay.  The 
term  "vortex  demise"  is  a general  term  which  implies  vortex  disintegration 
or  vortex  decay. 

Vortex  residence  time  is  the  time  at  which  vortex  life  in  the  vortex 
corridor  ceases.  It  is  the  lesser  of  vortex  transport  time  and  vortex  life 
time. 

1.2.3  Vortex  Models 


This  report  refers  to  three  types  of  models  of  vortex  behavior.  These 
are:  (1)  analytic  models  (deterministic  and  probabilistic),  (2)  empirical  models, 
and  (3)  predictive  models. 

Analytic  models  of  vortex  behavior  are  based  on  the  physics  of  fluid 
mechanics.  Thus,  analytical  models  may  also  be  termed  theoretical  models. 
The  degree  of  sophistication  of  various  analytic  models  may  vary.  The 
models  may  be  either  deterministic  or  probabilistic.  Deterministic  analytic 
models  are  used  primarily  for  research.  They  answer  the  question;  "Given 
values  for  all  independent  parameters  affecting  vortex  behavior,  what  is  the 
behavior  (i.e.,  values  of  dependent  parameters)  of  the  vortex  pair?"  The 
development  and  validation  (by  experimental  means)  of  deterministic  analytic 


models  is  extremely  important.  Such  a model  may  be  used  for  identification 
of  the  important  mechanisms  and  parameters  of  vortex  behavior  and  deter- 
mination of  the  limit  to  which  calculated  vortex  parameters  will  agree  with 
actual  vortex  parameters.  In  addition,  a good  deterministic  analytical  model 
is  required  for  probabilistic  models  and  predictive  models.  The  role  of  such 
a deterministic  model  in  probabilistic  models  and  predictive  models  is  dis- 
cussed in  the  following  paragraphs. 

In  an  operational  environment,  values  for  all  of  the  independent  param- 
eters necessary  to  calculate  vortex  behavior  may  not  be  available.  Examples 
are  exact  aircraft  weight,  exact  aircraft  position  relative  to  the  ILS,  spanwise 
loading  distribution,  etc.  In  general,  these  parameters  may  vary  from  flight 
to  flight  for  the  same  aircraft  type.  Therefore,  the  dependent  vortex  p>aram- 
eters  may  be  determined  probabilistically,  depending  on  the  probability  dis- 
tribution functions  of  the  various  independent  parameters.  If  the  probability 
distribution  functions  of  the  independent  parameters  are  known,  the  deter- 
ministic analytic  model  may  be  used  to  generate  the  probability  distribution 
functions  of  the  dependent  vortex  parameters. 

For  the  analytical  models  of  vortex  behavior  (both  deterministic  and 
probabilistic)  the  values  of  the  dependent  parameters  are  based  upon  con- 
current values  of  the  independent  parameters. 

In  this  report,  the  term  "predictive  model"  refers  to  any  model  which 
forecasts  vortex  behavior.  The  model  may  calculate  vortex  behavior  based 
on  forecast  meteorological  parameters  or  may  forecast  vortex  behavior  based 
on  previous  history  of  vortex  behavior.  It  is  noted  that  previous  literature  on 
vortex  behavior  (e.g..  Refs.  10  and  11)  have  used  the  term  "predictive  model" 
to  describe  vortex  behavior  based  on  concurrent  values  of  independent  param- 
eters. However,  in  this  report  "predictive"  is  synonymous  with  forecasting. 

Since  predictive  models  always  imply  forecasting,  predictive  models 
are  always  probabilistic.  Future  events  can  never  be  forecast  with  absolute 
certainty. 
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1.3  ANALYTIC  TRANSPORT  MODEL 


1.3.1  Evolution  of  the  Analytic  Transport  Model 

The  development  of  an  analytic  vortex  transport  model  has  encompassed 
four  stages;  (1)  the  formulation  of  a model  of  vortex  behavior  using  aerody- 
namic principles  to  calculate  vortex  strength  and  initial  descent  rate  and 
using  fluid  mechanic  principles  to  calculate  vortex  transport  by  mutual  in- 
duction; (2)  a comparison  of  vortex  trajectories  calculated  from  the  analytic 
model  with  measured  vortex  trajectories  from  a series  of  controlled  flight 
tests;  (3)  refinement  of  the  model  to  account  for  deviations  between  the  simple 
model  and  the  flight  test  data;  and  (4)  verification  of  the  analytic  transport 
model  under  operational  conditions. 

The  early  analytic  transport  model  consisted  of  calculation  of  vortex 
transport  by  mutual  induction.  Image  vortices  below  the  ground  level  were 
used  to  account  for  ground  effect.  Vortex  transport  by  mutual  induction  is 
discussed  in  Section  3.1  of  this  report.  The  model  also  included  the  effect 
of  viscous  vortex  decay  on  vortex  transport.  The  inclusion  of  vortex  decay 
is  based  on  classical  hydrodynamics  (Ref.  21).  A laminar  solution  for  an 
isolated  vortex  is  obtained  from  the  momentum  equation  written  in  terms  of 
the  vorticity.  Replacing  the  kinematic  viscosity  t*  with  the  sum  of  an  eddy 
and  kinematic  viscosity,  the  circumferential  velocity  is 

” = (*l 

This  equation  is  used  in  the  model  to  calculate  decay  using  a value  of  the 
eddy  viscosity  obtained  from  Owen  (Ref.  22). 

A series  of  flight  tests  was  conducted  to  verify  the  model  using  B-747, 
B-707,  CV-880,  and  DC-6  aircraft  (over  400  flybys).  Both  the  motion  of  the 
vortices  and  the  meteorological  conditions  were  recorded.  The  tests  were 
performed  at  the  National  Aviation  Facilities  Experimental  Center  (NAFEC) 
in  1972. 
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Vortex  tracks  were  recorded  photographically  and  by  ground  wind 
sensors.  NAFEC  has  a 140-£t  tower  instrumented  with  hot-film  anemom- 
eters, colored  smoke  dispensers  at  20-ft  intervals,  and  meteorological  in- 
strumentation at  five  levels.  Smoke  was  used  to  visualize  the  vortices. 

A 35-mm  camera  was  positioned  2000  ft  from  the  tower  on  a line  nearly 
normal  to  the  prevailing  wind  direction.  Photographs  were  taken  every 
second,  and  the  vortex  tracks  were  obtained  by  examining  each  photo  and 
locating  the  vortices  by  scaling  photographic  distances  with  known  distances. 
Gill  single-axis  propeller  anemometers  were  arrayed  on  a baseline  near  the 
140-ft  tower  to  measure  the  wind  component  perpendicular  to  the  aircraft 
flight  path.  As  a vortex  moved  through  the  anemometer  system,  it  produced 
a distinctive  signature  superimposed  upon  the  background  wind. 

Figure  1 shows  a typical  cross-sectional  vortex  track  compared  with 
a calculated  track  (Ref.  23).  The  wind  was  determined  by  a least-square 
polynomial  fit  to  the  mean  wind  averaged  for  2 min  before  the  aircraft 
passage.  Figure  2 shows  the  ground  wind  track  for  three  calculated  vortex 
tracks:  two  linear  interpolations  of  the  five  tower-measured  average  wind 
speeds  ("before"  denotes  the  mean  for  the  two  minutes  prior  to  the  aircraft 
flyby  and  "after"  denotes  the  two  minutes  after  the  flyby),  and  a power  law 
profile  fit  as  used  in  Fig.  1.  A power-law  fit  to  the  mean  wind  consistently 
produced  the  best  agreement  with  the  vortex  tracks.  After  about  90  sec  the 
upwind  calculated  track  often  lagged  behind  the  data,  and  this  is  attributed  to 
the  rising  of  the  upwind  vortex  or  to  a decrease  in  the  circulation  of  the  vortex. 
The  differences  between  calculated  and  measured  vortex  tracks  consistently 
fell  within  the  computed  uncertainty  in  the  transport  due  to  random  fluctuations 
in  the  wind  (Ref.  23). 

When  comparing  the  calculated  time  for  a vortex  to  strike  the  tower 
with  the  actual  time,  the  calculated  time  is  often  less  than  the  observed  time, 
especially  for  older  vortices;  calculated  sink  rates  based  upon  elliptical 
loading  assumptions  are  less  than  measured  rates.  At  least  two  mechanisms 
have  been  suggested  as  the  cause  of  the  discrepancy:  deviations  from 
a clean  wing  configuration  and  buoyancy  effects  leading  to  decreases  in  the 
rolled-up  initial  vortex  separations  (Ref.  23). 
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The  vortex  sink  rate  for  a wing  having  an  arbitrary  spanwise  loading 
distribution  is  given  from  momentum  conservation  for  a wing  of  span,  b,  by 

-C.  U 

dZ/dt  = (2) 

47rK  JR 

where  C.  is  the  lift  coefficient,  U is  the  flight  speed,  K is  the  wing  spanwise 
Lj  oo 

loading  coefficient,  and  is  the  aspect  ratio.  For  wings  with  inboard  flaps,  the 
root  sections  tend  to  be  more  heavily  loaded;  K is  less,  and  hence  the  vortex 
sink  rate  is  higher. 

An  analysis  was  performed  (Ref.  24)  to  determine  the  streamlines 
i associated  with  the  presence  of  a vortex  pair  near  a ground  plane  acted  upon 

I by  a wind  shear.  The  NAFEC  data  produced  a definite  trend  in  which  the 

upwind  vortex  was  at  a higher  altitude  for  large  shears  and  the  downwind 
vortex  higher  in  light  shears.  In  a light  shear,  the  upper  stagnation  point 
rises  as  the  wake  oval  descends  toward  the  ground.  In  a strong  shear  the 
upper  stagnation  point  moves  closer  to  the  ground. 

Ground  proximity  tends  to  draw  both  the  stagnation  points  toward  the 
' ground  in  a strong  shear.  Ground  plane  tends  to  "open  up"  a region  between 

the  two  cells  and  causes  a sweeping  motion  of  the  external  stream  around  the 
cells.  The  downwind  cell  gets  smaller  as  wind  shear  and  ground  proximity 
increase.  The  upwind  cell  increases  in  area  as  wind  shear  and  altitude 
increase. 

The  downwind  vortex  cell  shrinkage  with  increasing  wind  shear  may 
give  rise  to  an  increased  detrainment  of  the  vorticity,  as  the  increasing  core 
size  will  encounter  the  inviscid  cell  boundary  quicker  than  in  the  upwind  case. 
This  would  cause  the  upwind  vortex  to  rise  due  to  the  decreased  induced 
velocity  by  the  downwind  vortex.  The  sweeping  motion  might  cause  upwind 
j cell  detrainment,  thus  causing  the  downwind  vortex  to  rise. 

The  vertical  descent  of  the  vortex  wake  varies  as  a function  of  atmos- 
pheric conditions.  The  driving  force  for  buoyancy  is  the  difference  in  density 
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encountered  during  the  descent  of  the  vortex  pair  through  a stratified  fluid. 
Even  for  the  case  of  no  initial  density  difference  (no  engine  exhaust  entrain- 
ment). a difference  is  produced  by  the  low  density  in  the  vortex  core  as  a 
result  of  centrifugal  motion  of  the  air.  An  additional  density  difference  can 
occur  if  the  nearly  adiabatic  compression  of  the  wake  oval  is  different  from 
the  stratification  of  the  atmosphere.  Buoyancy  generated  in  this  manner 
alters  the  circulation  through  the  Bjerkness  relation;  however,  the  manner 
of  alteration  is  controversial  as  discussed  by  Tombach  (Ref.  25).  The  models 
chosen  to  represent  the  effect  of  buoyancy  in  the  transport  model  are  Tombach', 
(Ref.  25)  and  Scorer  and  Davenport's  (Ref.  26).  These  two  theories  contain  a 
representation  of  the  full  spectrum  of  events. 

The  verification  of  the  analytic  transport  model  under  operational  con- 
ditions was  one  of  the  purposes  of  the  test  which  is  the  subject  of  this  report. 


and  Predictive  Models  in  a Wake  Vortex  Avoidance 

Both  analytic  models  of  vortex  behavior  (which  yield  calculated  values 
of  behavior)  and  predictive  models  have  value  in  a WVAS.  There  are  several 
purposes  for  the  analytic  model.  First,  there  are  many  meteorological  condi- 
tions for  which  vortex  considerations  do  not  constrain  aircraft  separations 
An  accurate  analytic  model  allows  identification  of  those  meteorological  con- 
ditions. The  analytical  model  provides  a theoretical  basis  for  certification  of 
spacings  used.  The  model  may  be  used  in  conjunction  with  empirically  derived 
data.  Certification  criteria  which  are  based  on  theoretical  considerations  and 

supported  by  empirical  data  have  a greater  credibility  than  criteria  based  on 
empirical  data  alone. 


Second,  in  an  operational  WVAS.  an  analytic  model  is  necessary  for 
the  selection  of  optimal  spacing  standards,  based  on  current  or  fore- 
cast meteorological  parameters.  The  Vortex  Advisory  System  (VAS 
Ref.  27  and  discussed  further  in  Section  1.4.3)  allows  either  uniform  3-nautical- 
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mile  spacing  or  3/4/5/6-nautical-mile  spacing  (defined  in  Section  1.4.  l),but 
no  intermediate  spacing  standards.  An  accurate  analytic  model  would  allow 
an  intermediate  spacing  standard  to  be  used. 

Third,  certification  of  aircraft  spacing  must  provide  protection  from 
anomalous  vortex  behavior.  Therefore,  both  theoretical  and  experimental 
approaches  to  vortex  behavior  are  appropriate  to  identify  the  conditions  under 
which  extremely  long  vortex  life  can  occur.  An  analytic  model  can  be  used 
to  identify  conditions  of  anomalous  vortex  behavior  which  may  not  be  identi- 
fied by  experimental  results  alone  because  the  anomalous  conditions  may  not 
occur  during  the  experiments. 

The  purpose  of  the  predictive  model  in  the  Wake  Vortex  Avoidance  Sys- 
tem is  to  forecast  wake  vortex  residence  times  and  safe  aircraft  separation 
distances  based  on  known  aircraft  parameters  and  meteorological  conditions. 
The  aircraft  separation  distances  given  by  the  predictive  model  serve  to  elim- 
inate hazardous  wake  vortex  encounters  and  at  the  same  time  increase  the 
current  runway  capacity  and  minimize  aircraft  delays.  The  functional  rela- 
tionship of  the  predictive  model  to  the  overall  Wake  Vortex  Avoidance  System 
is  sketched  in  Fig.  3.  The  predictive  model  uses  prevailing  weather  conditions 
and  aircraft  parameters  to  compute  and  forecast  the  safe  aircraft  separation 
distances.  Vortex  sensors  provide  a feedback  on  the  calculated  and  predicted 
values  of  wake  vortex  transport  time  and  Ufe  time  and  serve  as  a check  on  the 
integrity  of  the  system.  The  safe  separation  distance  provided  by  the  pre- 
dictive model  and  by  vortex  sensors  is  used  by  air  traffic  controllers  and 
pilots  for  maintaining  safe  and  efficient  terminal  area  operations.  The 
spacing  information  can  also  serve  as  an  important  input  to  the  ARTS- 3 air 
traffic  control  system. 

Since  the  predictive  model  plays  a dominant  role  in  the  WVAS,  it  is 
essential  that  the  reliability,  accuracy,  and  operational  characteristics  of 
the  predictive  model  be  established.  The  need  to  evaluate  and  to  improve 
the  wave  vortex  transport  and  decay  model  (upon  which  a predictive  model 
is  based)  and  to  postulate  a feasible  predictive  model  was  the  motivation  for 
the  present  research  effort. 


15 


M et  e or  olog i c al 
Sensors 


Aircraft 

Parameters 


Vortex 

Sensors 


Selected  Air  Traffic 
Control  Pattern  for 
Optimizing  Airport 
Capacity 


Safe  Separation 
Distances 


FIGURE  3.  THE  ROLE  OF  THE  PREDICTIVE  MODEL  IN  THE 
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1.4  WAKE  VORTEX  AVOIDANCE  SYSTEM  CONCEPT 


1.4.1  Wake  Vortex  Avoidance  System  Purpose 

The  purpose  of  the  WVAS  is  to  select  aircraft  sp>acings  which  ensure 
safety  from  wake  vortices  lingering  in  the  approach  corridor  and  which  also 
minimize  aircraft  delays.  Aircraft  delay  is  the  index  of  performance  by 
which  the  effectiveness  of  a WVAS  must  be  judged.  It  is  assumed  that  the 
airport  will  be  operated  with  absolute  safety.  Therefore,  absolute  safety  is 
a constraint,  and  delay  is  the  index  of  performance.  Under  the  current  FAA 
3/4/ 5/6 -nautical-mile  separation  criterion^  it  is  assumed  that  the  wake 
vortices  persist  in  the  approach  corridor  until  they  disintegrate  or  decay 
since  no  reliable  method  for  determining  when  the  wake  vortices  are  trans- 
ported out  of  the  flight  corridor  is  available.  A WVAS  will  perform  two 
functions.  The  first  is  the  prediction  of  vortex  residence  time  based  on 
measured  values  of  meteorological  parameters  and/or  based  on  recent 
measured  vortex  behavior.  The  second  function  is  the  detection  and/or 
tracking  of  wake  vortices. 

1.4.2  Characteristics  of  Aircraft  Delay 

In  order  to  gain  an  understanding  of  the  manner  in  which  a WVAS 
decreases  aircraft  delay,  it  is  instructive  to  consider  the  characteristics 
of  aircraft  delay.  For  the  purpose  of  gaining  such  an  understanding,  the 
equation  for  delay  for  a single  runway  in  steady  state  can  serve  as  an  indi- 
cator of  the  characteristics  of  delay  of  landing  aircraft  at  airports.  Air- 
craft delay  is  technically  defined  as  waiting  time  in  the  queue,  and  average 


■A  4 -nautical -mile  separation  for  a heavy  aircraft  following  another  heavy, 

5 nautical  miles  for  a large  aircraft  following  a heavy,  4 nautical  miles  for 
a light  aircraft  following  a large  aircraft,  and  6 nautical  miles  for  a light 
aircraft  following  a heavy.  All  other  spacings  are  3 nautical  miles.  Heavy 
aircraft  are  defined  as  aircraft  with  a maximum  certificated  takeoff  weight 
of  at  least  300,000  lb.  Light  aircraft  are  defined  as  aircraft  with  a maxi- 
mum certificated  takeoff  weight  of  less  than  12,500  lb.  (All  models  of  the 
Gates  Learjet  are  considered  to  be  light.  ) All  other  aircraft  are  classified 
as  large. 


delay  is  given  by  (Ref,  28) 


where 

\ - average  arrival  rate  (aircraft  per  unit  time) 

E[Atj  expected  value  (mean)  of  interarrival  time  over  the 

runway  threshold:  the  inverse  of  E^At]  is  theoretical 
runway  capacity,  and 

Var[At]  = variance  in  interarrival  time  over  the  runway  threshold. 


It  is  noted  that  At  is  the  interarrival  time  at  the  runway  threshold  when  air- 
craft are  continuously  available  for  landing.  Let  At^,  At^,  and  Atg  be  the 
interarrival  times  for  3-,  4-,  and  5 -nautical-mile  separations.  (For  135-knot 
approach  ground  speeds,  At^  = 80  sec,  At^  = 107  sec,  and  Atg  = 128  sec).  If  the 
number  of  light  aircraft  is  negligible,  and  h is  the  fraction  of  aircraft  which 
are  heavy, 

E[At]  = h^  At^  + h (1  -h)  Atg  + (1  -h)  Atg.  (4) 

Figure  4 shows  Eq.  (3)  for  the  interarrival  times  indicated  above  for  a 
135-knot  approach  speed.  Delay  for  a uniform  2-nautical-mile  separation 
is  shown  for  comparison.  Delays  can  become  very  significant  when  airports 
exceed  50%  of  their  theoretical  capacity.  The  annual  delay  cost  is  based 
upon  an  average  direct  operating  cost  of  $1200  per  block  hour  (Ref.  29)  and 
200,000  landings  per  year  at  the  airport.  For  small  delay,  all  of  the  elements 
of  direct  operating  cost  do  not  increase  with  delay  time  (e.g.,  crew  salaries 
and  maintenance  burden  do  not  increase  as  a result  of  small  delays).  Fuel 
cost  may  be  considered  as  the  minimum  cost  of  delay,  since  fuel  is  always 
consumed  during  any  delay.  If  fuel  costs  alone  are  considered,  the  delay 
cost  is  approximately  40%  of  the  cost  shown  in  Fig.  4 since  fuel  cost  is  ap- 
proximately 40%  of  total  direct  operating  cost  (Ref.  29).  Figure  4 shows  that 
moderate  decreases  in  delay  can  cause  significant  savings.  Figure  4 does 
not  include  the  cost  of  delay  to  takeoff  aircraft  as  a result  of  landing  delay, 
nor  does  it  include  the  value  of  time  of  the  passengers. 
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FIGURE  4.  EFFECT  OF  AIRCRAFT  DEMAND  ON  AIRCRAFT  DELAY 
WITH  VORTEX-IMPOSED  SPACING  CRITERIA  (Cost  based  on  200,000 
landings  per  year  and  direct  operating  cost  of  $1200  per  hour) 
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The  nonlinearity  of  the  curves  in  Fig.  4 indicates  that  for  airports 
operating  near  theoretical  capacity,  delay  costs  will  grow  much  faster  than 
traffic  growth.  For  example,  from  the  derivative  of  Eq.  3 with  respect  to  X, 
for  an  airport  operating  at  75%  of  theoretical  capacity  (i.e.,  XE[At]  = .75),  a 
2%  traffic  growth  (average  annual  growth  rate,  Ref.  1)  causes  an  8%  increase 
in  delay.  Therefore,  delays  due  to  vortex-imposed  constraints  can  be  ex- 
pected to  increase  significantly  as  moderate  aircraft  traffic  growth  con- 
tinues. Similarly,  small  increases  in  airport  capacity  can  cause  significant 
decreases  in  delay. 

Figure  4 shows  the  delay  for  uniform  2-nautical-mile  separations.  It 
is  seen  that  there  are  significant  delay  improvements  which  can  be  realized 
from  2-nautical  mile  separations.  The  uniform  2-nautical-mile  separation 
is  the  ultimate  goal  of  the  Wake  Vortex  Avoidance  System. 

Comparison  of  the  Wake  Vortex  Avoidance  System  with  the  Vortex 

Advisory  System  ' ' 

Currently,  the  WVAS  is  still  in  the  concept  stage.  However,  a 
field  validation  of  a modest  cost  Vortex  Advisory  System  (VAS)  is  being 
performed  at  Chicago's  O'Hare  International  Airport.  The  VAS  is  described 
in  Refs.  3 and  27.  The  modest-cost  system  consists  of  a set  of  seven  meteor- 
ological towers  (each  tower  being  near  the  approach  end  of  one  or  two  runways) 
with  triple  sets  of  wind  sensors  on  each  tower.  The  aircraft  spacing  (uniform 
3 nautical  mile  or  3/ 4/5/6  nautical  miles)  is  determined  by  a microprocessor 
on  the  basis  of  measured  wind.  A small  display  shows  one-minute  averages 
of  wind  speed  and  direction,  gusts,  and  recommended  aircraft  separations 
(i.e.,  uniform  3-nautical-mile  or  3/ 4/5/6 -nautical-mile  separations). 


The  wind  criterion  is  an  ellipse  with  a major  axis  of  12.5  knots  aligned  in  the 
runway  direction  and  a minor  axis  of  5.5  knots  normal  to  the  runway  direction. 
If  the  wind  is  outside  of  the  ellipse,  vortex  residence  time  is  sufficiently  short 
so  that  a 3-nautical-mile  separation  is  always  safe.  If  the  wind  is  inside  the 
ellipse,  the  3-nautical-mile  separation  cannot  be  certified,  and  the  3/4/5/6- 
nautical-mile  separation  is  used. 
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The  WVAS  is  intended  to  have  a higher  level  of  sophistication  than  that 
for  the  VAS.  In  addition,  the  WVAS  will  use  vortex  detection.  The  increased 
sophistication  of  the  WVAS  will  yield  decreased  delay  by  two  mechanisms; 
decreased  separation  for  a wider  set  of  meteorological  conditions  than  those 
allowed  by  the  VAS  and  use  of  spacing  standards  which  are  between  the 
3/4/5/6-nautical-mile  and  uniform  3 -nautical- mile  separations  used  in  the 
VAS.  These  mechanisms  are  discussed  below. 

A spacing  standard  cannot  be  used  unless  it  can  be  certified  as  being 
safe.  There  are  many  meteorological  conditions  for  which  the  3-nautical- 
mile  separation  is  safe,  but  cannot  be  certified  by  the  relatively  simple 
criteria  used  by  the  Vortex  Advisory  System.  Therefore,  the  complete 
WVAS  will  use  a more  sophisticated  meteorological  measurement  and  cal- 
culation system  than  that  used  by  the  VAS.  The  WVAS  will  thus  allow  certi- 
fication of  the  3-nautical-mile  separation  for  a greater  fraction  of  airport 
operation  time  and  for  a wider  range  of  meteorological  conditions  than  is 
possible  with  the  VAS. 

The  concept  oi  the  VAS  could,  in  principle,  be  extended  to  allow  2- 
nautical-mile  separations.  However,  the  wind  criteria  for  2-nautical-mile 
separations  would  be  too  large  to  allow  frequent  use  of  the  2 -nautical-mile 
separation.  Only  the  WVAS  can  certify  2-nautical-mile  separations  for  a 
significant  portion  of  airport  operating  time. 

The  VAS  can  specify  one  of  two  distinct  spacing  standards  (3/4/5/6 
nautical  miles  or  uniform  3 nautical  miles),  whereas  the  WVAS  will  be  able 
to  specify  intermediate  spacing  criteria.  The  WVAS  will  be  able  to  give 
reduced  separations  on  days  when  the  3 -nautical- mile  separation  cannot  be 
certified,  whereas  the  VAS  cannot  certify  any  reduction  in  separation  unless 
the  3-nautical-mile  separation  can  be  certified. 

For  the  reasons  described  above,  it  is  expected  that  there  will  be  many 
days  for  which  the  WVAS  can  certify  reduced  spacings,  but  for  which  the  VAS 
cannot  certify  reduced  spacings.  Since  the  wind  speed  criterion  of  the  VAS 
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is  a function  of  the  angle  between  the  wind  direction  and  the  runway  direction, 
particular  problems  are  incurred  by  airports  which  have  only  one  runway 
direction  (e.g.,  Los  Angeles  International  Airport  and  the  Hartsfield  Atlanta 
International  Airport)  since  the  choice  of  runway  direction  is  limited.  It  is 
noted  that  small  reductions  in  separations  can  cause  significant  reductions 
in  delay. 

The  vortex  detection  capability  of  the  WVAS  can  have  significant  im- 
pact on  delay.  This  impact  is  shown  graphically  in  Fig.  5.  For  a given  wind 
condition  (i.e.,  mean  wind  p>arameters  measured  over  a time  span  on  the  order 
of  10  min),  there  is  a probability  distribution  function  that  the  vortex  residence 
time  is  greater  than  time,  t.  A sample  of  the  distribution  function  is  shown 
in  Fig.  5.  The  distribution  has  a long  "tail";  the  derivative  of  the  distribution 
function  with  respect  to  vortex  residence  time  is  very  small  for  small  prob- 
abilities. For  the  VAS,  the  separation  distance  must  be  chosen  so  that  the 
probability  that  vortex  residence  time  will  exceed  the  separation  time  is 
essentially  zero.  This  must  be  done  because  there  is  no  backup  system  to 
warn  of  a long  vortex  residence  time.  However,  for  the  WVAS,  the  separation 
distance  may  be  chosen  so  that  the  probability  that  vortex  residence  time  is 
greater  than  septaration  time  is  some  small  value  (e.g.,  0.2%).  This  is  pos- 
sible because  there  is  a backup  system  (vortex  detection)  to  warn  for  that 
small  fraction  of  the  time  when  vortex  residence  time  exceeds  separation 
time.  A missed  approach  can  be  executed  in  such  cases.  Because  of  the 
long  "tail"  of  the  probability  distribution  function,  the  acceptance  of  a small 
probability  that  vortex  residence  time  will  exceed  separation  time  allows 
significant  reductions  in  separation  times.  This  can  allow  a very 
significant  reduction  in  delay. 

1.5  OBJECTIVE  OF  THE  PRESENT  INVESTIGATION 

The  primary  objective  of  the  study  described  herein  was  to  use  a set 
of  specific  data  collected  at  John  F.  Kennedy  International  Airport  in  1975  to 
gain  as  much  understanding  about  the  behavior  of  aircraft  wake  vortices  and 
the  operation  of  Wake  Vortex  Avoidance  Systems  as  was  possible  with  the 
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FIGURE  5.  CHARACTERISTICS  OF  VORTEX  RESIDENCE  TIME  PROBABILITY 
FUNCTION 


available  data.  As  mentioned  earlier,  the  intent  of  the  study  was  the  effecting 
of  a transition  between  earlier  vortex  research  conducted  in  a research  en- 
vironment and  implementation  of  a pre -prototype  wake  vortex  avoidance 
system  in  an  operational  environment.  The  study  started  with  a set  of  tasks 
by  which  the  primary  objective  would  be  accomplished.  The  set  of  tasks 
contained  some  inherent  assumptions  about  the  characteristics  of  vortex 
behavior,  the  characteristics  of  the  meteorological  data  being  measured, 
and  the  quantity  of  data  to  be  obtained.  In  performing  the  work,  it  became 
obvious  that  some  of  the  inherent  assumptions  used  in  defining  the  original 
tasks  were  questionable.  This  does  not  imply  that  the  original  set  of  tasks 
was  defined  carelessly  or  erroneously.  It  does  imply  that  many  character- 
istics of  vortices  and  wake  vortex  avoidance  systems  were  learned  while 
performing  the  tasks,  and  that  some  changing  of  the  original  tasks  by  which 
the  primary  objective  would  be  achieved  was  appropriate. 

Section  1.5  discusses  the  initial  objectives  (i-e.,  the  tasks  by  which 
the  primary  objective  was  to  be  accomplished  as  defined  at  the  initiation  of 
the  work  described  in  this  report),  some  of  the  reasons  for  modifying  the 
objectives,  and  the  final  objectives.  The  reasons  for  modifying  the  objectives 
are  discus eed  in  detail  in  the  analysis  sections  which  constitute  the  main  body 
of  this  report.  The  primary  tool  by  which  the  initial  and  final  objectives  of 
this  study  were  to  be  accomplished  was  a computerized  data  management 
system  for  the  vortex  data  recorded.  Much  of  the  effort  for  the  contract 
under  which  this  report  is  written  was  used  to  construct  the  data  manage- 
ment system. 

1.5.1  Initial  Objectives 

The  initial  set  of  objectives  by  which  the  primary  objective  was  to  be 
accomplished  centered  around  three  subjects:  (1)  verification  and  improve- 
ment of  an  existing  vortex  transport  analytic  model;  (2)  determination  of 
characteristic  vaiues  for  meteorological  parameters,  and  (3)  examination 
of  data  from  various  vortex  sensors  and  comparison  of  vortex  parameters 
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as  measured  by  the  various  sensors.  The  original  intent  was  the  comparison 
of  calculated  vortex  trajectories  with  measured  vortex  trajectories  on  a flyby- 
by-flyby  basis.  This  would  establish  the  reliability  of  the  analytic  model. 
Alternative  models  for  different  aspects  of  the  analytic  model  (e.g.,  a power- 
law  form  or  a logarithmic  form  for  describing  the  wind  profile  with  altitude) 
would  be  compared  with  measured  vortex  trajectories  to  determine  which 
models  best  described  actual  vortex  behavior.  In  addition,  characteristic 
values  of  specific  parameters  (e.g.,  power-law  exponent)  could  be  determined. 

1.5.2  Modification  of  Objectives 


As  the  data  were  analyzed,  the  objectives  were  changed  for  several 
reasons.  First,  calculated  and  measured  vortex  trajectories  could  not  be 
compared  on  a flyby -by -flyby  basis  since  the  primary  meteorological  tower 
was  located  3300  ft  from  the  vortex  corridor,  and  the  wind  in  the  vortex  cor- 
ridor often  differed  significantly  from  that  measured  at  the  tower;  the  wind 
near  the  vortex  corridor  was  measured,  but  a profile  could  not  be  obtained 
because  the  maximum  altitude  of  measurement  was  40  ft.  Second,  there  was 
an  inherent  uncertainty  in  aircraft  weight,  spanwise  loading  factor,  and  air- 
speed. In  previous  tests  conducted  in  a research  environment,  values  for 
these  {jarameters  were  known,  but  they  were  unknown  in  the  operational  en- 
vironment. Aircraft  weight  has  a very  significant  effect  on  transport  time. 
Since  it  was  impossible  to  know  values  for  some  very  important  parameters, 
the  comparison  of  calculated  and  vortex  tracks  to  determine  optimal  forms 
for  the  analytic  model  would  be  meaningless  since  any  variations  in  the  re- 
sults calculated  from  alternative  forms  of  the  analytic  model  would  be  over- 
shadowed by  the  uncertainty  in  the  values  of  parameters  to  be  used  in  the 
analytic  model  with  which  the  measured  results  were  to  be  compared. 

Third,  the  characteristic  values  of  meteorological  parameters  did  not 
emerge.  While  values  of  atmospheric  parameters  such  as  roughness  length 
and  power-law  exponent  can  be  defined  for  wind  averaging  times  on  the  order 
of  15  minutes,  such  characteristic  values  do  not  exist  for  averaging  times 
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of  one  to  two  minutes.  The  shorter  averaging  time  is  necessary  because  it 
is  the  approximate  life  time  of  the  vortex.  Fourth,  the  quantity  of  vortex 
sensor  data  was  much  less  than  that  originally  anticipated.  The  acoustic 
systems  (Doppler  acoustic  and  monostatic  acoustic  systems)  did  not  function 
concurrently  with  the  laser  Doppler  velocimeter  and  the  ground  wind  vortex 
sensing  system.  The  laser  Doppler  velocimeter  was  not  on  site  for  the  entire 
test.  Therefore,  the  only  sensor  comparison  which  could  be  performed  was 
that  between  the  laser  Doppler  velocimeter  and  the  ground  wind  vortex  sensing 
system. 

The  data  and  analyses  of  data  which  led  to  the  above  conclusions  are 
contained  in  the  following  sections  of  this  report. 

1.5.3  Final  Qbiectives 

In  the  analysis  of  the  data  which  led  to  the  conclusions  discussed  above 
in  Section  1.5.2,  it  became  obvious  that  the  uncertainties  which  prevented 
the  analysis  of  the  data  on  a flyby-by-flyby  basis  were  identical  with  the  un- 
certainties which  would  exist  in  an  operational  WVAS.  Therefore,  the  avail- 
able data  were  indicative  of  most  of  the  data  which  would  be  available  in  an 
operational  WVAS.  Therefore,  the  objectives  were  changed  to  answer  the 
following  questions:  If  the  analytic  model  is  used  with  appropriate  upper  and 
lower  limits  on  values  of  independent  parameters  for  which  values  could  not 
be  measured  in  the  test,  do  the  results  bound  the  scatter  observed  in  meas- 
ured values  of  dependent  parameters?  What  meteorological  parameters  have 
definable  values  for  short  averaging  times  and  what  meteorological  parameters 
do  not  have  definable  values  for  short  averaging  times?  What  meteorological 
parameters  should  be  used  in  a WVAS?  In  what  form  should  meteorological 
parameters  be  presented  and  used?  What  is  the  role  of  vortex  sensing  in  a 
WVAS?  What  useful  information  can  be  derived  from  vortex  sensors? 
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1.6  REPORT  OUTLINE 


Most  of  the  effort  during  the  performance  of  the  contract  under  which 
this  report  is  written  was  expended  in  processing  data  from  the  Kennedy 
International  A irport  test  site  and  in  creating  a data  management  system 
for  analyzing  the  data.  However,  the  main  body  of  the  report  is  the  results 
of  analysis  based  on  selective  data  retrievals  using  the  data  management 
system.  The  data  management  system  is  described  in  Appendix  A. 

Section  2 contains  a discussion  of  vortex  characteristics  from  analyt- 
ical considerations.  The  section  is  presented  for  three  reasons.  First,  a 
simple  analytical  model  which  has  not  previously  been  presented  has  been 
formulated.  Second,  the  section  serves  as  a background  for  understanding 
the  measurements  to  be  discussed  in  later  sections.  Third,  vortex  char- 
acteristics from  analyliial  considerations  are  discussed  as  they  relate  to 
an  operational  WVAS  in  a manner  in  which  they  have  not  previously  been 
presented. 

Section  3 is  a discussion  of  the  Kennedy  International  Airport  test  site, 
the  data  measured,  and  the  data  processing.  Section  4 is  a discussion  of 
conclusions  which  are  related  to  meteorological  and  vortex  parameters  and 
which  were  reached  by  selective  retrievals  of  data  from  the  data  manage- 
ment system.  Section  5 discusses  the  capability  of  vortex  sensing  and  the 
role  of  vortex  sensing  in  an  operational  WVAS.  The  techniques  by  which  the 
measurements  made  by  vortex  sensors  may  be  used  to  effect  vortex  prediction 
are  formulated  and  discussed.  Section  6 broaches  a set  of  operational  wake 
vortex  avoidance  systems  based  on  conclusions  reached  in  previous  sections. 
Section  7 presents  conclusions  and  recommendations. 
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2.  VORTEX  CHARACTERISTICS  FROM 
ANALYTIC  CONSIDERATIONS 


This  section  contains  a discussion  of  wake  vortex  characteristics  from 
analytical  considerations.  The  discussion  presented  in  this  section  will  aid 
in  the  interpretation  of  results  from  the  JFK  tests  to  be  presented  in  later 
sections.  The  discussion  will  show  the  trends  which  should  be  expected, 
define  the  magnitude  of  expected  data  scatter,  and  indicate  how  scatter  in 
the  data  could  be  reduced  if  the  test  were  to  be  repeated  or  in  an  operational 
environment. 

The  first  part  ot  this  section  presents  a new  model  for  calculating 
vortex  transport  time  in  a uniform  crosswind.  The  model  does  not  use 
numerical  integration  of  the  vortex  transport  equations  as  previous  models 
have  done  (Refs.  10  and  11).  The  model  presented  in  this  section  will  be 
used  extensively  in  the  comparison  with  measured  values  of  transport  time 
in  future  sections.  The  dominant  mechanisms  of  vortex  transport  are  pre- 
sented, and  the  expected  variations  in  vortex  transport  time  due  to  uncer- 
tainties in  values  of  the  independent  parameters  during  the  JFK  tests  are 
presented.  The  effect  of  the  baseline  (i.e.,  distance  inbound  from  the  middle 
marker)  on  vortex  transport  is  presented  from  theoretical  considerations. 

This  will  aid  in  the  interpretation  of  experimental  data  comparing  different 
baselines.  In  addition,  conclusions  of  interest  are  reached;  the  conclusions 
could  not  be  reached  from  the  experimental  data  because  of  a lack  of  data  at 
baselines  close  to  the  runway  threshold.  Theoretical  considerations  of  vortex 
decay  and  vortex  disintegration  conclude  this  section. 
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2.1  CHARACTERISTICS  OF  VORTEX  TRANSPORT  IN  UNIFORM 
CROSSWIND 

In  order  to  understand  the  concepts  of  vortex  transport  to  be  presented 
in  the  following  sections,  it  is  instructive  to  examine  the  characteristics  of 
vortex  transport  (particularly  transport  time)  in  a uniform  crosswind. 

It  is  assumed  that  the  strengths  of  the  port  and  starboard  vortices  are 
equal  and  constant.  The  altitudes  of  the  two  vortices  are  assumed  to  be 
equal.  The  vortex  transport  equations  are  (Ref.  3): 


Z = 


-r 


ZiriY^-Y^)  ^ ZiT 


^z  - 


(2Z)^  + (Y^  -Y^)^ 


(5) 


and 


Y = V + ^ 

00  — 47r  Z 


(Y2-Yi)‘ 


(2Z)‘'  + (Y^- Y^) 


.2 


(6) 


where  Z is  the  altitude  of  the  vortex  pair  and  Yj  and  Y^  are  the  lateral  positions 
of  the  vortices  from  the  port  and  starboard  wings  of  the  aircraft,  respectively, 
as  shown  in  Fig,  6a.  The  + and  - are  applicable  to  the  starboard  and  port 
vortices,  respectively. 

In  the  absence  of  a crosswind  (i.  e. , = 0),  the  vortex  trajectory  is  a 

hyperbola.  In  this  condition,  the  vortex  descent  is  symmetric  with  respect 
to  a vertical  plane: 

Y2=-Yj  = Y.  (7) 

From  the  vortex  transport  equations, 

Y/Z  = -(2Y)V(2Z)^  (8) 
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or 


and  hence, 


-dZ/Z^  = dY/Y^ 


1/Y^  + 1/Z^  = Constant  = C, 


which  is  the  equation  of  the  hyperbola  representing  the  vortex  trajectory  in 
the  absence  of  a crosswind. 


This  result  can  be  used  to  calculate  the  time  for  which  a vortex  remains 
in  a vortex  corridor  of  width  2yj^  for  a uniform  crosswind.  The  coordinate 
system  is  referenced  to  the  wind  with  the  origin  in  the  y-direction  taken  as 
the  aircraft  axis  at  the  time  of  aircraft  passage,  and  y^^  is  the  distance  of  the 
vortex  corridor  boundary  from  that  origin.  The  origin  coincides  with  the  ex- 
tended runway  centerline  and  is  transported  downwind  (relative  to  the  extended 
runway  centerline)  at  the  crosswind  velocity.  Since  the  coordinate  system  is 
fixed  on  the  wind,  the  crosswind  is  zero  relative  to  the  coordinate  system. 
From  Eqs.(6)  and  (7), 


r f yM 

Iz^Y^.  • 


Using  Eq.  ( 10)  for  Z, 


CY^  - I 


where  the  value  of  C is  calculated  from  Eq.  (10)  using  the  initial  values  of  Y 
and  Z (e.g.,  Y = b'/2,  b'  being  the  initial  vortex  separation  distance,  and  Z = 
initial  vortex  altitude).  Integrating  Eq.  (12)  gives 


CY^  - 2 


(CY^-  1) 


0 


where  D is  the  constant  of  integration  determined  by  Y = b'/2  at  t = 0.  If 

the  lateral  boundaries  of  the  vortex  corridor  are  at  +y,  at  t = 0,  at  later 

— b 

time,  t,  the  boundaries  of  the  vortex  corridor  (referenced  to  the  wind-based 
coordinate  system)  are  at 


Y = -Xot±yb.  (14) 

with  a + or  - denoting  downwind  or  upwind  flight  corridor  boundaries, 
respectively. 

The  geometry  is  shown  in  Fig.  6.  The  time  in  Eq.(13)  is  the  time 
required  for  the  vortex  to  reach  position  Y.  The  time  in  Eq.  (14)  is  the  time 
for  the  boundary  to  reach  position  Y.  The  transport  time  is  the  time  at  which 
the  vortex  and  the  boundary  are  at  the  same  position  at  the  same  time.  For 
simplicity,  time  is  eliminated  between  Eqs.(13)  and  (14),  and  the  result  is 


Let 


<±yb 


4,r 

+ n = — 

^ ^ rc 


CY  - 2 


2 1 2 
(CY'^-  1) 


(15) 


F(Y) 


47r 

rc 


CY^  - 2 


(CY"  - 1) 


Tjz 


Y + 


- D + 
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with  the  top  sign  on  y^^  denoting  the  downwind  boundary  and  the  lower  sign 
denoting  the  upwind  boundary.  Physically,  F(Y)  is  the  difference  between  the 
time  at  which  the  vortex  reaches  position  Y and  the  time  at  which  the  boundary 
reaches  position  Y.  The  vortex  residence  time  is  obtained  by  solving  Eq.(l6) 
for  Y when  F(Y)  = 0 (using  a Newton -Raphson  iteration  beginning  with  Y = +b'/2) 
and  solving  for  transport  time  from  Eq.(14). 
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2,1.1  Vortex  Transport  Time  Characteristics 


It  is  instructive  to  examine  the  conditions  under  which  various  solutions 
to  Eq.(16)  exist.  Physically,  it  is  desired  to  determine  the  conditions  under 
which  each  of  the  vortices  will  exit  from  each  of  the  vortex  corridor  boundaries. 

For  the  downwind  vortex  (Y  > 0)  and  downwind  boundary  (top  sign  on  yjj)i 
the  definition  of  D in  Eq.  (13)  for  the  initial  condition  (Y  = b'/2  at  t = 0)  gives 
for  t = 0 

F(b'/2)  = (b'/2  - yb)/V^  < 0.  (17) 

assuming  that  the  vortex  corridor  width  exceeds  the  vortex  separation  distance. 
As  Y becomes  large  (CY^  »1), 

F(Y)  ~ VcY^  + Y/V  >0.  (18) 

There  is,  therefore,  one  solution  of  the  downwind  vortex  crossing  the  downwind 
.vortex  corridor  boundary  (i.e.,  F(Y)  = 0).  The  vortex  geometry  for  this  solution 
is  shown  in  Fig.  6b.  This  solution  can  be  determined  from  Newton  iteration 
on  Eq.  ( 16)  with  the  initial  " solution"  being  Y = b'/2.  The  transport  time  may 
be  calculated  with  the  solution  value  of  Y by  using  Eq.  (13)  or  (14).  By  substituting 
the  lower  sign  of  y^  for  the  upwind  boundary,  it  may  be  shown  mathematically  (as 
well  as  from  physical  reasoning)  that  the  downwind  vortex  cannot  cross  the  up- 
wind boundary. 

For  the  upwind  vortex  (Y<  0)  crossing  the  upwind  boundary,  the  initial 
condition  gives 


-b'/2  + 

F(-b'/2)  = 5.  > 0 . 

00 


(19) 
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For  large  values  of  Y, 


, F(Y)  F ^ Y/V^  = ^ Y t Y/V^ 


(20) 


Therefore,  since  Y < 0, 


F(Y)  > 0 

and 

F(Y)  < 0 


if  V > r V^47r 
if  < r ^J^4jr 


for  large  values  of  Y.  Therefore,  if 

V > rV^/4^  ’ 


(21) 

(22) 


(23) 


a solution  to  Eq.(16)  does  not  exist,  and  the  upwind  vortex  does  not  cross  the 
upwind  boundary.  If 

V < rVc/47r  , (24) 

00 


the  upwind  vortex  crosses  the  upwind  boundary  (cf.  Fig.  6c).  The  value  of 

Y maybe  determined  by  Newton  interation  on  Eq.(16).  The  initial  value  of 

Y should  be  a negative  value  of  about  five  wingspans. 

For  the  condition  of  the  upwind  vortex  crossing  the  downwind  boundary, 


-b'/2  - y. 

F(-b'/2)  = ^ < 0 . (25) 

00 
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Similarly,  for  large  absolute  values  of  Y 


F(Y)  > 0 if  V > rV^/47r  . 

00 

and 

F(Y)  < 0 if  V < T‘>fc/4v  . 

00 

(26) 

(27) 

If 

V > rV^47r  . 

00 

(28) 

one  solution  exists  and  may  be  found  by  Newton  iteration  on 
with  Y = -b'/2.  If 

Eq.(16)  beginning 

V < rV^4x  , 

00 

(29) 

either  no  solution  or  two  solutions  exist.  It  is  necessary  to  determine 

if  F(Y)  is  positive  for  any  values  of  Y.  The  maximum  value  of  F(Y)  occurs 
when  f’  (Y)  = 0.  This  occurs  when 

y2  - 1 

C - [47rCV_^/rf/^  ■ 

(30) 

Solving  for  F(Y)  with  this  value  of  Y (denoted  by  Y^)  yields  the  number  of  times 
the  upwind  vortex  crosses  the  downwind  boundary.  If 

V < ry[c/4Tr 


and 


F(Y  ) < 0 , 
' m 


(31) 

(32) 
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there  is  no  solution.  Physically,  the  upwind  vortex  approaches  the  downwind 
boundary,  but  is  transported  upwind  by  its  image  vortex  before  it  crosses  the 
boundary.  If 

< r yjc/4ir  (33) 

and 

F(y^)>0,  (34) 

two  solutions  exist.  Physically,  the  upwind  vortex  crosses  the  downwind 
boundary,  but  is  then  transported  upwind  by  its  image  vortex  and  reenters 
the  vortex  corridor  through  the  downwind  boundary.  The  values  of  Y for 
which  the  boundary  crossings  occur  may  be  calculated  by  solving  Eq.  (16). 

It  is  noted  that  the  upwind  vortex  always  remains  in  the  vortex  corridor 
longer  than  the  downwind  vortex.  Therefore,  the  maximum  vortex  transport 
time  is  given  by  the  upwind  vortex  crossing  the  downwind  boundary  if 

\>T\[c/4w.  (35) 

and  by  the  upwind  vortex  crossing  the  upwind  boundary  if 

V < r y[c/4w . (36) 

00 

2.1.2  Universal  Nondimensional  Parameters  of  Vortex  Transport  Time 

Equations  (14)  and  (16)  suggest  that  a set  of  nondimensional  parameters 
of  vortex  transport  time  exists.  Several  different  sets  of  nondimensional 
parameters  may  be  chosen.  The  set  which  is  presented  herein  was  chosen 
because  one  parameter  is  a function  of  the  vortex  corridor  only,  and  a second 
parameter  is  a function  of  aircraft  type  only. 
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Multiplying  Eq.  (16)  by  ^/y^j  and  rearranging  gives 


F(Y)  = 


4»V  y, 
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°Xo  /^b  + Y/y^  +1  = 0.  (37) 


Similarly,  Eq.  (14)  becomes 

These  equations  are  non-dimensional.  From  them,  four  non-dimensional 
parameters  which  uniquely  define  vortex  behavior  may  be  generated.  The 
first  is  the  vortex  transport  time  parameter, 

Pt=V^t/yb.  (39) 

The  second  is  the  vortex  strength  parameter, 

^s  = 


The  third  nondimensional  parameter  is  the  boundary  parameter 


P 


b 


+ 


(41) 


o o 

where  Y^  and  are  the  initial  values  for  Y and  Z,  respectively.  For  a given 
vortex  corridor  (i.e.,  initial  altitude  and  vortex  corridor  width),  the  boundary 
parameter  is  a function  of  aircraft  wing  span  only.  For  an  elliptically  loaded 
wing, 
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The  variable  used  in  solving  Eq.  (37)  is 

T1  = 

Equation  (31)  is  now 


(43) 


P / P.  r)  - 2 V 

F (ti)  = -p^  ( -^-2 1 ) - D + q + I = 0. 

\Pj^  - 1)2' 


(44) 


Recalling  the  method  by  which  D was  calculated  from  Eq.  (13),  Dj  is  calcu- 
lated from  the  initial  value  of  the  first  term  on  the  right  side  of  Eq.  (44). 
Thus, 


D.  = 


1 P. 


Pb% 

(Pb 


where 


(45) 


21.i 


(46) 


This  equation  introduces  the  fourth  non-dimensional  parameter,  the  vortex 
corridor  parameter, 


P = y,  / Z . 
V ^b  o 


(47) 


Plots  of  nondimenslonal  vortex  transport  time  may  be  obtained  in  the 
following  manner.  The  vortex  corridor  parameter,  P^,  and  boundary  param- 
eter, P , are  selected.  They  may  be  selected  for  a particular  corridor  size 
and  aircraft  type.  For  each  selected  value  of  the  vortex  strength  parameter. 
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Pg.  Dj  is  calculated  from  Eq.  (45),  and  Eq.  (44)  is  solved  for  q by  an  iterative 
technique.  The  transport  time  parameter  is  then  solved  by 

Pt  = ± 1 - (48) 

which  is  derived  from  Eq.  (38). 

From  the  reasoning  related  to  Eqs.(35)  and  (36),  it  may  be  shown  that 
the  upwind  vortex  exits  from  the  downwind  flight  corridor  boundary  if 

Ps  > (49) 

and  the  top  sign  is  applicable  in  Eqs.  (44)  and  (48).  If 


P 

s 


< 


(50) 


the  upwind  vortex  exits  from  the  upwind  vortex  corridor  boundary,  and  the 
bottom  sign  is  applicable  in  Eqs.  (44)  and  (48). 

Figure  7 shows  a sample  plot  of  nondimens ional  vortex  parameters 
for  selected  aircraft. 

2.2  DOMINANT  MECHANISMS  IN  VORTEX  TRANSPORT  MODEL 

The  general  vortex  transport  model  is  an  analytic  tool  which  determines 
the  lateral  and  vertical  displacement  of  each  vortex  of  the  trailing  vortex  pair 
as  a function  of  time  for  specified  values  of  aircraft  parameters  and  a given 
crosswind  profile.  An  important  output  from  the  vortex  transport  model  is 
the  calculated  vortex  transport  time,  which  is  defined  as  the  time  after  air- 
craft passage  at  which  both  vortices  have  been  transported  outside  the  cor- 
ridor defined  by  boundaries  +150  ft  from  the  runway  centerline.  Since  it  has 
been  shown  that  vortices  located  outside  the  +150  ft  corridor  do  not  pose  a 
threat  to  following  aircraft  (cf.  Section  1.2.1),  the  calculated  vortex  transport 
time  is  an  indication  of  the  safe  separation  time  calculated  for  the  aircraft 
type  and  prevailing  meteorological  parameters.  Therefore,  for  an  operational 
WVAS  it  is  important  to  determine  the  sensitivity  of  the  calculated  vortex  trans- 
port time  to  variations  in  crosswind  characteristics  and  aircraft  parameters. 
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The  vortex  transport  model  assumes  a constant  vortex  strength,  Fi 
and  assumes  that  the  altitudes  of  the  port  and  starboard  vortices  are  equal. 
The  vortex  transport  equations  are  (Eqs.  (5)  and  (6)) 


and 


where 
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^2-^1 


(2Z)2+  (Y2-Yj)^ 


Y = V + — ’ — 
^ 00  - 47rZ 


<Y2-Y,) 


(2Z)^  + (Y^-Yj)^ 


where 
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00 


Z 3 vortex  altitude 

r = vortex  strength 

Yj  = port  vortex  lateral  position 

Y2  = starboard  vortex  lateral  position 

V = crosswind 
00 

= aircraft  weight 

p = air  density 

b = aircraft  wing  span 

K = aircraft  spanwise  loading  coefficient 

and 

U = aircraft  airspeed. 

00 


(51) 


(52) 


(53) 


Physically,  the  spanwise  loading  coefficient  is  the  ratio  of  lift  generated 
by  the  wing  to  the  lift  which  would  be  generated  if  the  wing  loading  (lift  per 
unit  span  of  the  wing)  were  uniform  at  the  value  of  spanwise  loading  at  the 
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wing  root.  The  wing  loading  is  proportional  to  the  bound  circulation,  r'(y). 
of  the  wing.  The  spanwise  loading  coefficient  is 


. ^ f 

br:  J 


r'(y)dy  . 


where 


r'(y)  = bound  circulation  on  the  wing,  and 
= bound  circulation  at  the  wing  root. 


For  elliptically  loaded  wings, 


K = ir/4  , 


which  is  the  assumption  made  for  calculated  values  of  vortex  parameters  in 
this  report. 

Detailed  derivations  of  Eqs.  (51)  through  (55)  are  presented  in  Ref.  3. 


Analysis  of  the  analytic  vortex  transport  model  consisted  of  establishing 
the  sensitivity  of  the  model  to  the  basic  input  parameters  including  crosswind 
characteristics  (crosswind  as  a function  of  altitude)  and  aircraft  parameters 
(aircraft  type,  landing  weight,  altitude,  and  aircraft  position  relative  to  the 
ILS).  Conclusions  related  to  other  effects  such  as  buoyancy,  wind  shear,  and 
viscous  vortex-ground  interactions  could  not  be  reached  from  the  JFK  data. 
The  influence  of  the  above  parameters  on  the  wake  vortex  transport  time  in 
the  approach  corridor  is  discussed  below. 

2.2.1  Influence  of  Crosswind  on  the  Calculated  Vortex  Transport  Time 


The  calculated  vortex  transport  time  as  a function  of  crosswind  (defined 
as  the  wind  vector  component  which  is  normal  to  the  runway  direction)  is  shown 
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in  Figs,  8,  9 and  10  for  uniform,  power  law,  and  logarithmic  crosswind  pro- 
files. The  nominal  v ilues  of  aircraft  parameters  shown  in  Table  1 were  used 
for  calculation  of  the  transport  times.  For  low  values  of  crosswind  (<  4 ft/sec), 
the  upwind  and  downwind  vortices  exit  from  the  upwind  and  downwind  vortex 
corridor  boundaries,  respectively.  For  high  values  of  crosswind,  both  vor- 
tices exit  from  the  downwind  boundary.  It  is  noted  that  the  upwind  vortex 
always  leaves  the  vortex  corridor  later  than  the  downwind  vortex.  Therefore, 
the  vortex  transport  time  can  be  calculated  from  the  motion  of  the  upwind 
vortex. 

The  calculated  value  of  vortex  transport  time  is  shown  as  a function 
of  crosswind  at  the  reference  altitude,  and  exponent,  P,  for  a power- 

law  profile  in  Fig.  9.  The  20-ft  altitude  is  used  as  the  reference  since  avail- 
able measurements  are  generally  made  at  this  altitude.  The  power-law  ex- 
ponents ranging  from  0.1  to  0.4  are  representative  of  the  wind  profiles 
observed  during  unstable  to  moderately  stable  atmospheric  conditions.  The 
power-law  profile  was  chosen  as  the  basic  profile  for  use  in  this  study  be- 
cause a previous  study  (Ref.  30)  showed  that  vortex  trajectories  calculated 
with  the  power-law  wind  profile  matched  measured  vortex  trajectories  better 
than  trajectories  calculated  with  other  profiles. 

The  curves  in  Fig.  9 appear  to  indicate  a sensitivity  of  the  vortex  trans- 
port time  to  the  20-ft  crosswind  and  to  the  value  of  the  power -law  exponent. 
However,  a closer  examination  of  the  phenomenon  reveals  that  the  transport 
time  is  not  sensitive  to  the  shape  of  the  wind  profile,  per  se,  but  is  sensitive 
to  the  value  of  the  crosswind  at  an  altitude  higher  than  20  ft. 

Because  the  reference  altitude  was  taken  below  the  minimum  altitude 
to  which  the  vortex  descends  (i.e.,  approximately  half  the  initial  vortex  sepa- 
ration distance),  the  effect  of  increasing  the  power-law  exponent,  P,  is  to  in- 
crease the  value  of  crosswind  which  the  vortex  experiences  during  its  entire 
trajectory.  The  effect  shown  in  Fig.  9 is  essentially  that  of  a difference  in 
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FIGURE  8.  CALCULATED  VORTEX  TRANSPORT  TIME  FOR  UNIFORM 
CROSSWIND 
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AIRCRAFT  CHARACTERISTICS  FOR  CALCULATED 
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wind  from  the  reference  altitude  to  the  asynnptotic  altitude  (i.e.,  minimum 
altitude  to  which  the  vortex  descends  asymptotically)  of  the  vortex  pair. 

Figure  11  shows  curves  similar  to  Fig.  9.  but  with  the  reference  altitude 
taken  as  77  ft,  which  is  the  asymptotic  altitude  for  an  elliptically  loaded 
B-747.  For  this  condition  the  effect  of  the  power-law  exponent  is  almost 
negligible.  Of  particular  significance  is  the  fact  that  there  is  little  depen- 
dence on  the  value  of  the  exponent  for  large  values  of  transport  time.  The 
spread  in  the  lines  of  Figs.  9 and  11  is  an  indication  of  uncertainty  in  vortex 
transport  time  based  on  wind  measured  at  the  asymptotic  altitude  (i.e..  Fig.  11) 
compared  with  uncertainty  based  on  wind  measured  at  the  20-ft  altitude  and  extra- 
polated to  higher  altitudes  on  the  basis  of  a power-law  exponent  (i.e..  Fig.  9). 
Figures  9 and  11  clearly  show  that  the  uncertainty  in  residence  time  decreases 
as  the  altitude  of  the  wind  measurement  approaches  the  vortex  asymptotic 
altitude. 

The  conclusion  of  this  analysis  is  that  direct  wind  measurement  at  the 
asymptotic  altitude  is  preferable  to  wind  measurement  at  another  altitude  with 
extrapolation  to  the  asymptotic  altitude. 

2.2.2  Influence  of  Aircraft  Parameters  on  the  Calculated  Vortex  Transport 
Time 


Variations  in  aircraft  type,  landing  weight,  altitude,  and  lateral  displace- 
ment from  the  localizer  centerline  result  in  changes  in  the  wake  vortex  transport 
time  in  the  vortex  corridor  and  are  discussed  below. 

The  calculated  vortex  transport  time  is  shown  for  heavy  and  large  jet 
transports  in  Figs.  8 and  12,  respectively.  The  vortex  transport  time  is 
relatively  insensitive  to  aircraft  type  within  each  of  the  two  broad  aircraft 
groups  (heavy  and  large),  based  upon  the  nominal  values  of  aircraft  param- 
eters in  Table  1.  For  a given  initial  altitude,  vortex  corridor  width  and 
crosswind,  the  vortex  transport  time  is  primarily  a function  of  the  vertical 
speed  of  the  vortex  pair.  Equation  (10)  shows  that  the  vortex  trajectory  in 
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I FIGURE  11.  CALCULATED  TRANSPORT  TIME  FOR  CROSSWIND 
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FIGURE  12.  CALCULATED  VORTEX  TRANSPORT  TIME  FOR  LARGE 
TRANSPORTS  IN  UNIFORM  WIND 
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the  wind-fixed  coordinate  system  is  a hyperbola  which  passes  through  the 
initial  vortex  position  of  the  vortex,  regardless  of  the  speed  at  which  the 
vortex  moves  along  the  trajectory.  Therefore,  for  a given  initial  vortex 
position,  the  transport  time  is  a function  of  the  speed  with  which  the  vortex 
moves  along  the  trajectory,  which  is  proportional  to  the  initial  vertical 
speed  oi  the  vortex  pair.  This  speed  is  (Ref.  3) 


where 


dt 


4 IT  K M. 


(55) 


= lift  coefficient 

and 

IR  = wing  aspect  ratio. 

The  nominal  values  of  each  of  the  parameters  affecting  vertical  speed 
(i.e.,  lift  coefficient,  C,  ; approach  air  speed,  U ; spanwise  loading  coefficient, 
K;  and  aspect  ratio,  do  not  vary  significantly  between  different  aircraft 
types.  This  is  shown  in  Table  1,  which  shows  that  vertical  speeds  of  the 
vortex  pair  do  not  vary  greatly  between  aircraft  types.  Therefore,  it  should 
be  expected  that  transport  times  which  are  based  upon  nominal  values  of  air- 
craft parameters  should  not  be  expected  to  be  significantly  different  for 
different  aircraft  types.  Figures  8 and  12  show  some  difference  between 
wide-body  aircraft  (as  a class)  and  narrow-body  aircraft  (as  a class). 

The  influence  of  aircraft  landing  weight  on  the  wake  vortex  transport 
time  in  the  approach  corridor  for  a given  aircraft  type  is  shown  in  Fig.  13. 

The  results  indicate  that  the  vortex  transport  time  is  very  sensitive  to  the 
aircraft  landing  weight  at  low  crosswind  conditions,  i.e.,  < 7 ft/sec.  If  the 
crosswind  is  strong  enough  so  that  the  vortex  leaves  the  flight  corridor  before 
entering  ground  effect,  aircraft  weight  has  no  effect  on  vortex  transport  time. 

If  ground  effect  occurs  within  the  vortex  corridor,  there  are  two  mechanisms 
by  which  weight  affects  transport  time.  First,  both  the  descent  velocity  and  the 
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FIGURE  13.  EFFECT  OF  AIRCRAFT  LANDING  WEIGHT  ON  CALCU- 
LATED TRANSPORT  TIME 
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velocity  at  which  each  vortex  moves  horizontally  (relative  to  the  wind)  in 
ground  effect  are  directly  proportional  to  aircraft  weight  for  constant  flight 
speed.  The  descent  velocity  (alternative  form  of  the  above  equation)  for  an 
elliptically  loaded  wing  is  (Ref.  3) 


where 


L 

P 

U 


dt 


lift, 

atmospheric  density, 
flight  speed. 


8L 


TT^P  U 

00 


(57) 


b = wing  span. 


Equation  (57)  is  identical  with  Eq.  (56)  with 


K = 7r/4 


(58) 


for  an  elliptically  loaded  wing  and 


L = j pC  /M 


(59) 


The  asymptotic  velocity  at  which  the  vortex  moves  horizontally  with 
respect  to  the  wind  in  ground  effect  may  be  shown  to  be  (i.e.,  let  Y » Z in 
Eq.(ll),  use  Eq.  (10)  for  Z,  let  = 7rb/8  for  elliptic  wing  loading,  and  let 
vortex  strength,  r=  4L/7rpU^b  (Ref.  3)) 
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where  is  the  Initial  vortex  altitude.  This  velocity  reduces  to  the  magni- 
tude of  the  initial  descent  velocity  as  becomes  large.  Because  of  this 
effect,  an  increase  in  the  aircraft  landing  weight  decreases  the  vortex  trans- 
port time  when  the  crosswind  is  below  the  critical  value  of  crosswind  (i.e., 
the  value  of  crosswind  below  which  the  upwind  vortex  exits  from  the  upwind 
boundary)  because  the  increased  horizontal  velocity  of  the  upwind  vortex 
acts  with  the  wind  in  removing  the  vortex  from  the  flight  corridor.  An  in- 
crease in  aircraft  weight  increases  the  vortex  transport  time  when  the  cross- 
wind  is  above  the  critical  value  of  crosswind  because  the  increased  horizontal 
velocity  acts  against  the  crosswind  in  removing  the  vortex  from  the  flight 
corridor. 


Second,  an  increase  in  the  landing  weight  increases  the  critical  value 
of  crosswind  at  which  the  vortex  stalls  in  the  approach  corridor,  and  which 
also  discriminates  between  upwind  and  downwind  exit  of  the  upwind  vortex. 
In  general,  the  upwind  vortex  exits  the  corridor  from  the  upwind  boundary 
if  (cf.  Section  2,1.1) 


V < 

00 

and  from  the  downwind  boundary  if 

V > 

00 


V^47r 

(6i) 

^/47r  . 

(62) 

Since  for  a given  aircraft  configuration  the  vortex  strength  is  directly  pro- 
portional to  aircraft  weight,  the  critical  value  of  the  crosswind  which  discrim- 
inates between  upwind  and  downwind  exit  of  the  vortex  is  directly  proportional 
to  aircraft  weight. 


The  above  discussion  indicates  that  variations  in  aircraft  weight  have 
a much  greater  effect  on  vortex  transport  time  than  differences  between 
aircraft  types  (within  a class  of  wide-body  or  narrow-body  aircraft). 


The  influence  of  aircraft  altitude  at  the  middle  marker  position  on  the 
wake  vortex  transport  time  is  shown  in  Fig.  14.  The  results  show  that  the 
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FIGURE  14 


INFLUENCE  OF  AIRCRAFT  ALTITUDE  AT  THE  MIDDLE 
MARKER  ON  VORTEX  TRANSPORT  TIME 


vortex  transport  time  is  relatively  insensitive  to  normal  variations  in  aircraft 
altitude.  (Experienced  pilots  can  generally  stay  on  the  glideslope  within  1 
division  or  dot  on  the  glideslope  indicator.) 

The  influence  of  aircraft  lateral  displacement  on  the  wake  vortex  trans- 
port time  in  the  vortex  corridor  is  shown  in  Fig.  15.  Variations  in  aircraft 
lateral  displacement  about  the  localizer  centerline  indicate  a noticeable  20- 
to  80-sec  variation  in  the  vortex  transport  time  at  low  crosswind  velocities. 

For  higher  crosswind  velocities,  the  effect  of  aircraft  displacement  on  vortex 
transport  time  is  small.  It  is  noted  that  the  +50-ft  deviation  from  the  localizer 
centerline  is  a +3a  variation  (Ref.  19). 

From  the  results  shown  above,  variations  in  aircraft  weight  and  lateral 
displacement  from  the  localizer  centerline  can  exert  a significant  influence 
on  the  calculated  vortex  transport  time  in  the  vortex  corridor.  Since  the 
calculated  vortex  transport  time  in  the  WVAS  is  based  on  nominal  values  of 
aircraft  parameters,  this  can  be  an  important  consideration.  For  example, 
the  vortex  of  a B707-120  at  minimum  operating  weight,  spanwise  loading 
coefficient  of  0.8,  5 knots  above  nominal  landing  speed,  and  10  ft  above  and 
20  ft  to  the  side  of  the  ILS  at  the  middle  marker  has  a vortex  strength  of 
1895  ft  /sec  and  a transport  time  of  113  sec  for  no  crosswind.  By  contrast, 
a B-707-320C  at  maximum  landing  weight,  spanwise  loading  coefficient  of 
0.75,  5 knots  below  nominal  landing  speed,  and  centered  on  the  ILS  has  a 
vortex  strength  of  4246  ft  /sec  and  a transport  time  of  47  sec  for  no  cross- 
wind.  The  corresponding  values  for  the  nominal  values  of  aircraft  param- 
eters  shown  in  Table  1 is  a vortex  strength  of  3135  ft  /sec  and  a transport 
time  of  66  sec. 

In  addition  to  the  direct  effect  of  unknown  values  of  aircraft  parameters 
by  virtue  of  the  effect  on  vortex  descent  rate,  unknown  values  of  aircraft 
parameters  also  affect  vortex  transport  time  in  the  determination  of  the 
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FIGURE  15.  INFLUENCE  OF  AIRCRAFT  POSITION  FROM  LOCALIZER 
CENTERLINE  ON  VORTEX  TRANSPORT  TIME 
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corridor  boundary  from  which  the  upwind  vortex  exits.  For  constant  cross- 
wind,  the  upwind  vortex  for  the  B-707-120  described  above  will  exit  the  up- 
wind boundary  for  crosswinds  less  than  3 ft/sec  and  will  exit  the  downwind 
boundary  for  crosswinds  greater  than  3 ft/sec.  By  contrast,  for  B-707- 
320C  described  above,  the  critical  value  of  crosswind  is  6.4  ft/sec.  For  the 
nominal  condition  (Table  1),  the  critical  value  of  crosswind  is  4.5  ft/sec.  In 
a constant  crosswind  of  5 ft/sec,  the  B-707-120  would  have  a calculated  trans- 
port time  of  231  sec  (although  life  time  would  prevent  residence  time  from 
being  that  long). 

Since  the  calculated  vortex  transport  time  is  sensitive  to  aircraft  weight, 
the  above  results  suggest  that  an  indirect  determination  of  the  aircraft  weight 
through  measurement  of  the  vortex  descent  rate  in  the  early  part  of  the  vortex 
trajectory  may  be  a useful  input  to  the  WVAS.  Aircraft  weight  can  also  be  deter- 
mined by  pressure  sensors  under  the  flight  path  (Ref.  12).  The  pressure  sensor 
senses  the  downwash  of  the  aircraft  as  it  passes  the  sensor. 


2.2.3  Influence  of  Initial  Altitude  on  Calculated  Vortex  Transport  Time 

One  of  the  most  important  influences  on  vortex  transport  time  is  the 
influence  of  initial  aircraft  altitude.  All  aircraft  altitudes  between  20  ft 
(the  altitude  of  the  wing  at  touchdown)  and  200  ft  (the  middle  marker)  are 
of  concern  because  a following  aircraft  is  sufficiently  low  that  it  may  en- 
counter a vortex  in  ground  effect.  From  the  results  of  Section  2.1.1,  Eqs. 
(35)  and  (36),  the  upwind  vortex  exits  the  flight  corridor  from  the  downwind 
vortex  corridor  boundary  if 
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and  from  the  upwind  vortex  corridor  boundary  if 


V > . 

ce  471- 


(64) 
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The  value  of  the  critical  crosswind  velocity  which  discriminates  between 
downwind  and  upwind  exit  of  the  upwind  vortex  is  a strong  function  of  Z 

o 

at  low  altitudes  (i.e.,  Y^/Z^>  1).  Therefore,  a crosswind  which  would  cause 
the  upwind  vortex  to  rapidly  exit  the  flight  corridor  for  an  aircraft  altitude 
of  200  ft  can  cause  the  vortex  to  stall  in  the  flight  corridor  for  an  aircraft 
altitude  of  less  than  50  ft.  Figure  16  shows  vortex  transport  time  as  a 
function  of  crosswind  for  initial  vortex  altitudes  of  200,  120,  80,  and  40  ft. 

Figure  16  presents  a very  important  conclusion  which  is  not  evident 
from  the  data  measured  at  JFK.  The  lowest  altitude  for  which  a significant 
quantity  of  JFK  data  was  available  was  130  ft,  and  the  phenomenon  shown 
in  Fig.  16  would  not  be  evident  at  that  altitude.  Figure  16  indicates  that  a 
short  vortex  transport  time  at  one  point  along  the  flight  path  (from  the  middle 
marker  to  the  touchdown  zone)  does  not  imply  a short  transport  time  at  all 
points  along  the  flight  path.  Figure  16  shows  that,  since  the  aircraft  must 
traverse  all  altitudes  between  200  ft  and  40  ft,  there  is  always  a range  of 
points  along  the  flight  path  for  which  the  calculated  vortex  transport  time 
exceeds  120  sec  when  the  crosswind  is  between  3 ft/sec  and  14  ft/sec. 

In  interpreting  Fig.  16,  it  must  be  remembered  that  it  is  assumed  that 
the  vortex  roll-up  process  occurs  out  of  ground  effect  and  that  the  vortex 
then  descends  into  ground  effect.  However,  it  is  expected  that  when  the 
vortex  roll-up  occurs  in  ground  effect,  the  ground  has  a significant  effect 
on  the  roll-up  process.  Little  analytical  or  experimental  work  on  the  roll- 
up process  in  ground  effect  or  on  vortex  demise  mechanisms  which  may  exist 
when  roll-up  occurs  in  ground  effect  has  been  done.  Limited  measurements 
(Ref.  19)  indicate  that  vortices  generated  at  altitudes  less  than  a quarter  of  a 
wing  span  dissipate  rapidly.  It  is  expected  that  vortex  life  time  is  a inono- 
tonic  decreasing  function  of  altitude  as  the  altitude  at  which  the  vortex  was 
generated  decreases  from  less  than  half  of  a wing  span.  (Unpublished  data 
tends  to  corroborate  this  statement.) 
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FIGURE  16.  INFLUENCE  OF  INITIAL  VORTEX  ALTITUDE 
ON  VORTEX  TRANSPORT  TIME 


E.2.4  Influence  of  Other  Vortex  Phenomena 


Two  vortex  phenomena  have  been  omitted  from  consideration  in  this 
study  because  their  influences  are  minor  and  are  not  completely  understood. 
These  are  the  influences  of  wind  shear  and  vortex  buoyancy  (Ref.  30). 

The  tilting  or  banking  of  the  plane  containing  the  vortex  pair  has  been 
observed  experimentally  at  altitude  (Ref.'Sl)  and  in  ground  effect  (Ref.  32), 
as  well  as  in  operational  situations  (Refs.  33  and  24).  Occasionally  in  the 
light  aircraft  tests,  long  segments  of  the  wake  were  observed  to  roll  past 
the  vertical  resulting  in  bank  angles  exceeding  90  degrees.  It  appears  that 
crosswind  shear  or  crosswind  shear  gradients  are  responsible  for  the  observed 
rolling  tendency  of  wakes. 

Crosswind  shear  (change  in  crosswind  with  respect  to  altitude)  in  the 
vicinity  of  the  wake  implies  an  ambient,  coherent  vorticity  field  aligned 
parallel  with  the  vorticity  associated  with  the  vortex  pair.  Interactions 
between  the  two  vortical  flows  could  produce  opposite  changes  in  the  circu- 
lations of  the  counter-rotating  vortices.  Thus,  the  velocities  induced  by 
each  vortex  on  the  other  (the  descent  speeds)  would  be  unequal  and  wake 
roll,  manifesting  itself  as  an  altitude  mismatch  between  vortices,  could 
occur  for  the  descending  pair. 

There  is,  however,  a lack  of  definitive  experimental  evidence  or  agree- 
ment about  which  direction  the  wake  will  roll  under  given  shear  conditions 
— apparently  because  of  the  relatively  weak  deterministic  influences  of  shear 
on  wake  roll.  For  light  shear,  it  is  possible  that  random  vertical  atmospheric 
convection  of  each  of  the  vortices  could  overwhelm  any  shear-induced  motions, 
resulting  in  atmospherically  influenced,  random  roll  directions.  For  increas- 
ing shear  however,  any  deterministic  shear  effects  should  produce  definite 
wake-rolling  behavior.  Full-scale  aircraft  wake  measurements  by  Tombach 
et  al.  (Ref.  32)  show  a definite  negative  correlation  between  the  sense  of  the 
shear  and  the  sense  of  the  tilting,  so  that  the  upwind  vortex  (the  shear  being 
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produced  Ln  the  sense  of  that  of  a boundary  layer)  descends  relative  to  the 
downwind  vortex  a large  percentage  of  the  time,  especially  when  the  shear 
strength  becomes  significant.  On  the  other  hand,  measurements  reported 
by  Brashears  et  al.  (Ref.  24)  show  tilting  in  both  directions,  with  a preference 
for  tilting  in  the  opposite  sense  to  that  noted  by  Tombach  et  al.  when  the  shear 
was  relatively  strong.  The  Brashears  et  al.  data  also  show,  for  weak  shears, 
a tendency  toward  tilting  in  the  same  sense  as  that  noted  by  Tombach.  In  this 
ca se,  however , random  effects  could  dominate  the  weak  deterministic  influence 
of  the  shear.  In  fact,  the  Brashears  et  al.  data  show  the  least  tendency  for 
tilting  at  a nonzero  value  of  shear,  where  the  opposite  strong  shear  and  weak 
shear  tendencies  are  balanced  out.  An  explanation  for  this  behavior  is  not 
apparent  however.  Variations  in  ground  effects  and  differences  in  aircraft 
scale  between  the  two  sets  of  data  may  be  a factor. 

In  addition  to  the  tilting,  another  dramatic  (and  operationally  more 
significant)  aspect  to  wake  behavior  occurs  simultaneously.  Whenever  the 
wake  banks,  the  upper  (generally  downwind)  vortex  appears  to  break  up 
(decay)  well  ahead  of  the  other  vortex,  often  leaving  one  vortex  drifting  alone 
for  some  time  before  it  decays.  The  single  remaining  vortex  does  not  attempt 
to  link  with  its  image  below  the  ground  as  has  been  observed  when  both  vortices 
appproach  the  ground,  but  rather  invariably  experiences  vortex  breakdown. 

It  appears  that  the  factors  causing  vortex  tilting  are  neither  intuitively 
obvious  nor  have  they  been  sufficiently  illuminated  by  full-scale,  atmospheric 
flight  tests,  or  theoretical  analysis.  The  most  significant  aspect  of  wake 
tilting  from  an  operational  standpoint  is  the  occurrence  of  the  solitary  vortex. 

It  is  undoubtedly  some  manifestation  of  flow  asymmetry  associated  with  wind 
shears,  turning  flight,  etc.,  which  produces  the  conditions  for  the  creation  of 
the  solitary  vortex,  which  so  far  has  eluded  proper  understanding.  Such  long- 
lived  vortices  could  present  operational  hazards  since  they  appear  to  be  rare 
events  and,  as  such,  the  conditions  for  their  occurrence  may  not  be  predictable. 
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Because  the  mechanisms  of  wind  shear  in  infiuencing  wake  tilting  is 
incompletely  understood  and  is  an  anomoious  condition,  it  was  decided  to 
omit  it  from  the  analytical  modeling  of  vortex  behavior  in  this  study. 

The  upward  acceleration,  a,  of  the  vortex  due  to  buoyancy  is 

(P^  -P(r))  r dr  (65) 


where 

p 

g = acceleration  due  to  gravity  = 32.2  ft/sec 
^00  ” ambient  air  density 

= radius  of  the  outer  boundary  of  the  vortex  cell 
p(r)  = vortex  air  density 

r = radial  coordinate  direction  of  the  vortex. 

For  the  static  underpressure  due  to  the  vortex  motion  (Ref.  3) 


P(r) 


(66) 


where 

k = ratio  of  specific  heats  for  air  =1.4 
p = atmospheric  pressure. 


For  a B-707  with  a vortex  strength,  F , of  3137  ft^/sec  and  a vortex  cell 
radius,  r^,  of  20  ft,  the  upward  acceleration  is  0.65  ft/sec^  or  approximately 
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0.02  g.  For  buoyancy  caused  by  engine  exhaust  entrainment. 


P 


= P. 


T /T 
00 


(67) 


where 


T = ambient  air  temperature 
00 

T = vortex  air  temperature. 


Then 


a = g (1  - T /T)  f68) 

00 

An  engine  exhaust  entrainment  which  causes  the  vortex  to  be  10°F  warmer 
than  the  surrounding  atmosphere  will  induce  a 0.017g  upward  acceleration. 

The  effect  of  descent  through  a non-adiabatic  atmosphere  is  described  by 
Eq.  (68).  (In  an  adiabatic  atmosphere  the  vortex  always  has  the  same  tem- 
perature as  the  atmosphere  since  it  is  compressed  adiabatically  as  it  descends). 
The  standard  atmosphere  temperature  lapse  rate  at  the  surface  is  -1.56'^F/ 

1000  ft.  Therefore,  if  the  vortex  descends  100  ft  through  an  isothermal  atmo- 
sphere, the  temperature  difference  between  the  vortex  and  the  atmosphere  is 
0.156*^F,  and  the  corresponding  acceleration  due  to  buoyancy  is  0.00029  g 

(assuming  T = 540°R). 

00 

The  effect  of  vortex  buoyancy  on  vortex  transport  was  not  included  in 
the  analytical  calculation  of  vortex  transport  for  several  reasons.  First, 
the  effect  of  vortex  buoyancy  due  to  descent  through  a non-adiabatic  atmo- 
sphere is  negligible.  Second,  confirmation  of  the  effects  of  exhaust  entrain- 
ment would  require  measurement  of  the  temperature  of  the  vortices.  Such 
measurements  were  beyond  the  intent  of  the  study.  Third,  the  effect  of  static 
underpressure  requires  a good  estimate  of  the  vortex  cell  boundary  radius, 
r^.  This  number  cannot  be  easily  defined.  Fourth,  since  both  buoyancy 
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and  vortex  decay  cause  an  upward  acceleration  of  the  vortex,  it  would  be 
difficult  to  distinguish  the  effects  of  buoyancy  from  the  effects  of  decay  from 
the  measured  data.  Fifth,  there  is  some  drag  mechanism  which  prevents  the 
vortex  from  accelerating  without  bound  and  causes  the  vortex  to  reach  a termi- 
nal velocity  which  is  believed  to  be  small  because  the  buoyant  forces  are  of 
the  order  of  0.02  g.  (The  phenomenon  is  similar  to  the  one  in  which  a helium- 
filled  balloon  quickly  reaches  a terminal  velocity  relative  to  its  surrounding 
air.) 


The  justification  for  omitting  the  effect  of  buoyancy  from  the  analytic 
model  is  the  measured  vortex  trajectories  from  JFK.  If  buoyancy  is  present 
(and  the  vortices  move  vertically  through  the  air  which  surrounds  them),  they 
will  move  together  since  they  are  acted  upon  by  the  Kutta - Joukowski  force. 

The  Kutta-Joukowski  force  on  a body  with  circulation  and  velocity  through  a 
fluid  is 

F=-p  (Z-w)xr  (69) 

where  w is  the  velocity  of  the  surrounding  air.  Since  there  was  no  observable 
tendency  for  the  vortices  to  move  toward  each  other,  it  is  concluded  that 
buoyancy  is  not  a significant  phenomenon  affecting  vortex  transport. 

2.3  VORTEX  DEMISE 

The  previous  discussion  has  centered  on  vortex  transport.  At  the 
initiation  of  the  study  under  which  this  report  is  written  it  was  believed  that 
vortex  transport  was  a far  more  dominant  mechanism  in  the  determination 
of  vortex  residence  time  than  was  vortex  demise.  Therefore,  the  vortex 
tracking  algorithm  used  for  processing  data  from  the  ground  wind  vortex 
sensing  system  at  JFK  does  not  accurately  determine  vortex  life  time. 

None  of  the  vortex  sensing  systems  which  were  included  in  this  analysis 
measured  vortex  strength  (although  the  LDV  can  measure  vortex  strength 
when  operated  in  a different  scan  mode).  The  monostatic  acoustic  vortex 
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sensing  system  was  at  the  JFK  test  site  and  it  can  measure  vortex 
strength,  but  it  was  not  included  in  the  DMS  because  of  lack  of 
concurrent  meteorological  data. 

There  are  three  mechanisms  by  which  vortex  demise  (i.  e. , the 
limit  to  vortex  life  time)  may  occur.  The  first  and  second  are  vortex 
bursting  and  mutual  annihilation  by  Crow  Instability.  Both  of  these  are 
catastrophic  mechanisms  of  vortex  demise.  The  third  mechanism  is 
viscous  decay  by  which  the  strength  of  the  vortex  decreases  sufficiently 
so  that  it  will  not  be  hazardous  to  following  aircraft.  Usually,  one  of  the 
catastrophic  demise  mechanisms  is  the  limiting  factor  for  vortex  life 
time.  The  mechanisms  of  vortex  demise  are  summarized  in  Ref.  3, 

Figure  17  shows  distribution  functions  of  vortex  life  time  for 
given  values  of  wind  speed  as  measured  at  Heathrow  International  Airport 
(Ref.  12).  The  figure  clearly  shows  that  life  time  places  an  upper  bound 
on  residence  time,  even  if  transport  time  is  large. 

S 


3.  DATA  BASE  OF  WAKE  VORTEX  AND  METEOROLOGICAL 

MEASUREMENTS 


The  data  base  for  the  analysis  of  wake  vortex  behavior  is  wake  vortex 
and  meteorological  measurements  made  by  the  Department  of  Transportation, 
Transportation  Systems  Center  (DOT-TSC)  at  the  John  F.  Kennedy  International 
Airport  (JFK)  in  Jamaica,  New  York,  during  1975.  In  order  to  compile  a data 
base  of  measured  wake  vortex  parameters  and  measured  meteorological  param- 
eters, the  data  have  been  incorporated  into  a computerized  data  management 
system  (DMS).  A total  of  1320  flybys  have  been  cataloged  into  the  DMS.  The 
cataloged  data  files  contain  vortex  trajectories  (vortex  altitude  and  lateral 
position  as  a function  of  time)  for  two  laser  Doppler  velocimeter  systems, 
calculated  vortex  trajector  ies  for  each  of  four  baselines,  vortex  trajec - 
tories  (vortex  lateral  position  as  a function  of  time)  for  each  of  the  three 
ground  wind  anemometer  lines,  vortex  residence  time  (time  for  which  the 
vortex  remains  in  the  flight  corridor)  for  calculated  and  measured  vortex 
trajectories,  and  selected  meteorological  parameters.  To  summarize  the 
relevant  characteristics  of  the  wake  vortex  and  meteorological  measurements, 
a description  of  the  test  site  and  a brief  discussion  of  the  data  acquisition, 
data  processing,  and  the  results  from  the  general  data  base  are  given. 

3.1  KENNEDY  INTERNATIONAL  AIRPORT  TEST  SITE 

As  a part  of  a comprehensive  program  by  DOT-TSC  to  monitor  the 
behavior  of  wake  vortices  in  the  vortex  corridor,  the  meteorological 
and  vortex  parameters  from  aircraft  landing  on  runway  31R  at  JFK  were  mon- 
itored by  an  array  of  ground  wind  anemometers,  two  laser  Doppler  velocimeter 
(LDV)  systems,  and  four  instrumented  meteorological  towers.  Acoustic  vortex 
sensors  were  also  used,  but  the  results  were  not  placed  in  the  data  management 
system  because  of  unavailability  of  concurrent  meteorological  data.  A plan 
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view  of  the  test  site  is  given  in  Fig,  18,  and  a cross-sectional  view  of  the 
instrumentation  arrangement  at  baseline  1 is  given  in  Fig.  19. 

A log  of  aircraft  flybys  was  maintained.  Each  log  entry  specified  the 
aircraft  type  and  time  of  passage  over  baseline  1,  Aircraft  models  were 
not  recorded.  For  example,  a DC-8-50,  DC-8-61,  DC-8-62,  and  DC-8-63 
would  all  be  recorded  as  a DC -8. 

3.2  METEOROLOGICAL  PARAMETERS 

A summary  of  meteorological  measurements  recorded  is  presented 
in  Table  2.  The  table  also  shows  a summary  of  meteorological  parameters 
which  were  calculated  from  the  measured  parameters  and  stored  in  the  data 
management  system.  Data  averages  were  taken  over  128  sec  following  air- 
craft passage.  (The  128  sec  is  the  time  between  successive  aircraft  for  the 
5-nautical-mile  separation  of  a large  aircraft  following  a heavy  aircraft  at 
a 135 -knot  approach  speed.) 

Table  3 shows  the  detailed  list  of  measured  and  calculated  meteoro- 
logical parameters  for  which  the  DMS  was  designed.  The  DMS  was  designed 
to  accommodate  a larger  set  of  meteorological  parameters  than  that  which 
was  available  at  JFK.  In  particular,  wind  measurements  at  the  140-ft  alti- 
tude of  Tower  3 were  not  available  at  JFK,  but  are  listed  in  Table  3 
because  the  DMS  was  designed  to  accommodate  such  measurements. 

Where  averages  are  listed  (e.g.,  USTAR(14)),  they  are  averages  of  all 
indicated  values  for  which  valid  values  could  be  calculated.  (All  values 
could  not  be  calculated  for  all  flybys  because  of  missing  data.)  A description 
of  the  meteorological  parameters  shown  and  their  relevance  to  vortex  be- 
havior is  presented  in  Ref.  34. 

The  initial  intent  of  the  study  described  in  this  report  included  deter- 
mining which  set  of  meteorological  parameters  was  the  most  useful  for  cal- 
culating or  predicting  vortex  behavior.  This  necessitated  the  calculation  of 
a large  set  of  meteorological  parameters  to  permit  comparison  of  results 
based  on  different  sets  of  meteorological  parameters.  Therefore,  Table  3 
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, w Propeller  Anemometers 


FIGURE  19.  INSTRUMENTATION  AT  BASELINE  1 FOR  WAKE  VORTEX  TESTS 


Measured  Winds 


u = Headwind 

V = Crosswind  (positive  from  port  side) 
w = Vertical  Component  of  Wind  (positive  upward) 

Measurement 

Tower  Altitudes(ft) 

1 20.  40 

2 20,  40 

3 25,  50,  100,  135 

4 20,  30 

Calculated  Meteorological  Parameters 

Average  of  all  winds  for  128  sec  after  aircraft  passage 

Standard  deviation  of  all  winds  for  128  sec  after 
aircraft  passage 

Average  wind  speed  for  all  winds  for  128  sec 

Average  wind  direction  for  all  winds  for  128  sec 

^^ref  ^ least-squares  fit  for  wind  speed: 

V = Vg  (z/ Zref)^  for  tower  3 

ref 

A and  B for  least-squares  fit  for  wind  direction:  ^ = A + Bz 
for  tower  3 


Table  3 


CALCULATED  METHOROLOGICAL  PARAMETERS 
AND  SYMBOLS  USED  IN  DATA  REPORT* 


Profile  of  Hor i z ontal  Component  of  Wind  Velocity  in  Power-Law  Form 


PLAW  (1,1)  I 

(2.1)  / Tower  1 
(3,  1)  ) 

(1.2)  I 

(2,  2)  : Tower  2 

(3.2)  ) 

(1.3)  ) 

(2,  3)  Tower  3 

(3.3)  ) 

(1.4)  ) 

(2,  4)  ( Tower  4 

(3.4)  ) 

Wind  Direction  Profiles 


Reference  Height 
Reference  Velocity 
Exponent 


NPOLY 

Order  of  PolynomTnal 

COEF 

(1) 

Least-Squares  Curve  Fit  of 

COEF 

(2) 

Coefficients  for  Polynominal 

0 = COEF(l )+  Z*COEF(2)+  z2*COEF(3) 

COEF 

(3) 

Power -Law  Profile 
for  Horizontal 
Wind  Speed 

fn(uj^(2)/uj^(l)) 

^ " fn(z(2)/z(l)) 


Horizontal 
Wind  Direction 
Profile,  Tower  3 


Profile  of  Horizontal  Component  of  Wind  Velocity  in  Logarithmic  Form 


USTARl(l) 

20  and  40  ft  Tower  1 

(2) 

20  and  40  ft  Tower  2 

(3) 

25  and  50  ft  Tower  3 

(4) 

25  and  100  ft  Tower  3 

(5) 

25  and  135  ft  Tower  3 

(6) 

25  and  140  ft  Tower  3 

(7) 

50  and  100  ft  Tower  3 

(8) 

50  and  135  ft  Tower  3 

(9) 

50  and  140  ft  Tower  3 

(10) 

100  and  135  ft  Tower  3 

(11) 

100  and  140  ft  Tower  3 

(12) 

135  and  140  ft  Tower  3 

(13) 

20  and  30  ft  Tower  4 

(14) 

Avg.  of  1— »13  for  Type  1 Friction 
Velocity 

Friction  Velocity 
Type  1 

0.4*(uj^(2)-uj^(l)) 


Notation  given  at  end  of  Table  3 . 

For  tower  3,  reference  velocity  and  exponent  obtained  by  least-squares 
curve  fit  for  all  four  altitudes. 
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Table  3 (Continued) 


Profile  (Continued) 

USTAR2(1)  20  ft  Tower  1 

(2)  40  ft  Towt;r  1 p. 

(3)  20  ft  Tower  2 ' 

(4)  40  ft  Tower  2 ^ 

(5)  25  ft  Tower  3 

(6)  50  ft  Tower  3 V 

(7)  100  ft  Tower  3 / u^ 

(8)  135  ft  Tower  3 

(9)  140  ft  Tower  3 

(10)  20  ft  Tower  4 

(11)  30  ft  Tower  4 

(12)  Avg.  of  1 — 1 1 for  T ype  2 Fric.  Vel.  ^ 

l]STAR4(l)  Tower  1 

(2)  Tower  2 V Average  Friction  Velocity 

(3)  Tower  3 | for  Tower  (Type  1 and  2) 

(4)  Tower  4 

ROUGHl(l)  20  and  40  ft  Tower  1 \ 

(2)  20  and  40  ft  Tower  2 

(3)  25  and  50  ft  Tower  3 

(4)  25  and  100  ft  Tower  3 

(5)  25  and  135  ft  Tower  3 Ty 

(6)  25  and  140  ft  Tower  3 

(7)  50  and  100  ft  Tower  3 I 

(8)  50  and  135  ft  Tower  3 ? 

(9)  50  and  140  ft  Tower  3 z = exp 

(10)  100  and  135  ft  Tower  3 ° 

(11)  100  and  140  ft  Tower  3 

(12)  135  and  140  ft  Tower  3 

(13)  20  and  30  ft  Tower  4 

(14)  Avg.  of  1 — 1 3 for  Type  1 ^ 

Roughness  Length 

ROUGH2(l)  20  ft  Tower  1 

(2)  40  ft  Tower  1 

(3)  20  ft  Tower  2 

(4)  40  ft  Tower  2 

(5)  25  ft  Tower  3 \ 

(6)  50  ft  Tower  3 

(7)  100  ft  Tower  3 

(8)  1 35  ft  Tower  3 

(9)  140  ft  Tower  3 

(10)  20  ft  Tower  4 

(11)  30  ft  Tower  4 

(12)  Avg.  of  1 — 11  for  Type  2 y 

Roughness  Length 

ROUGH4(l)  Tower  1 

(2)  Tower  2 Average  Roughness  Length 

(3)  Tower  3 For  Tower  (Type  1 and  2) 

(4)  Tower  4 


Friction  Velocity 
Type  2 


Roughness  Length 
Type  1 

r^u(2) . /,/ , . _ 


'£n(z(l)  -fn(z(2)) 


z = exp 
o 


Roughness  Length 
Type  2 


=^=exp(; 


o h 


i 


Table  3 (Continued) 


Wind  Shear  Parameters 


VGRAD(1,  1) 

(1.2) 

(1.3) 

(1.4) 

(1.5) 

(1.6) 

(1.7) 

(1.8) 

(1.9) 
(1.  10) 
(1.  11) 
(1, 12) 
(1.  13) 
(1.  14) 

VGRAD(2,  1) 

(2,2) 

(2.3) 

(2.4) 

(2.5) 

(2.6) 

(2.7) 

(2.8) 

(2.9) 
(2,  10) 
(2. 11) 
(2.  12) 
(2,  13) 
(2,  14) 

VGRAD(3,  1) 

(3.2) 

(3.3) 

(3.4) 
(3,  5) 

(3.6) 

(3.7) 

(3.8) 

(3.9) 
(3,  10) 
(3,  11) 
(3.  12) 
(3,  13) 
(3,  14) 

VGRAD(4,  1) 

(4.2) 

(4.3) 

(4.4) 

(4.5) 

(4.6) 

(4.7) 


20  and  40  ft  Tower  1 

20  and  40  ft  Tower  2 

25  and  50  ft  Tower  3 

25  and  100  ft  Tower  3 

25  and  135  ft  Tower  3 

25  and  140  ft  Tower  3 

50  and  100  ft  Tower  3 

50  and  135  ft  Tower  3 

50  and  140  ft  Tower  3 

100  and  135  ft  Tower  3 

100  and  140  ft  Tower  3 

135  and  140  ft  Tower  3 

20  and  30  ft  Tower  4 

Avg.  of  1 — 13  for  u Wind  Shear 

20  and  40  ft  Tower  1 

20  and  40  ft  Tower  2 

25  and  50  ft  Tower  3 

25  and  100  ft  Tower  3 

25  and  135  ft  Tower  3 

25  and  140  ft  Tower  3 

50  and  100  ft  Tower  3 

50  and  135  ft  Tower  3 

50  and  140  ft  Tower  3 

100  and  135  ft  Tower  3 

100  and  140  ft  Tower  3 

135  and  140  ft  Tower  3 

20  and  30  ft  Tower  4 

Avg.  of  1 — 13  for  V Wind  Shear 

20  and  40  ft  Tower  I 

20  and  40  ft  Tower  2 

25  and  50  ft  Tower  3 

25  and  100  ft  Tower  3 

25  and  135  ft  Tower  3 

25  and  140  ft  Tower  3 

50  and  100  ft  Tower  3 

50  and  135  ft  Tower  3 

50  and  140  ft  Tower  3 

100  and  135  ft  Tower  3 

100  and  140  ft  Tower  3 

135  and  140  ft  Tower  3 

20  and  30  ft  Tower  4 

Avg,  of  1 — 1 3 for  w Wind  Shear 

20  and  40  ft  Tower  1 

20  and  40  ft  Tower  2 

25  and  50  ft  Tower  3 

25  and  100  ft  Tower  3 

25  and  135  ft  Tower  3 

25  and  140  ft  Tower  3 

50  and  100  ft  Tower  3 


u Wind  Shear,  da/dz 


V Wind  Shear,  9v/9z 


w Wind  Shear,  9w/9z 


Wind  Shear,  9uj^/9z 
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Table  3 (Continued) 


Wind  Shear  Parameters  (Continued) 

VC.KAl)  (‘1,K)  50  and  I 3S  a Towi  r 3 

(4.9)  50  and  140  a Tower  3 

(4.10)  100  and  135  It  Tower  3 
(4,  11)  100  and  140  a Tower  3 
(4,  12)  135  and  140  a Tower  3 
(4,  13)  20  and  30  ft  Tower  4 
(4,  14)  Avg.  of  1 — 1 3 for  u^  W 

HORGR4  (1)  Tower  1 

(2)  Tower  2 t Averag 

(3)  Tower  3 ^ for  Eai 

(4)  Tower  4 


U|^  Wind  Shear,  Ou^/Oz 


Wind  Shea  r 


Average  u Wind  Shear 
for  Each  Tower 


Temperature  Parameters 


TEMP 


TEMPA2 

TEMPA3 

TEMP 


ATEMP 

TEMP 


APTEMP 

PRESH 

HUMED 


10  ft  Tower  2 | 

40  ft  Tower  2 _ , 

10  ft  Tower  3 Uempeiature 

50  ft  Tower  3 
140  ft  Tower  3j 

Averai'o  Temp,  lor  Tower  2 1 o^ 

Average  Temp,  for  Tower  3 J 

AT  from  (10  to  40  ft)  Tower  2 

AT  from  (10  to  50  ft)  Tower  3 C/100  ft 

AT  from  (10  to  140  ft)  Tower  3 

Average  AT  from  Tower  3 

Potential  Temp,  froni  (10  to  40  ft)  Tower  2 

Potential  Temp,  from  (10  to  50  ft)  Tower  3 

Potential  Temp,  from  (10  to  140  ft)  Tower  3 

Average  Potential  Temp,  from  Tower  3 

Pressure  Millibars 

Humidity  Per  Cent 


°C/100  ft 


Stability  Parameters 


IPASQ 


RICH 


(1, 1) 
(1.2) 
(1,3) 

Tower  1 j 

Tower  2 

T owe  r 3 I 

[_  Pasquill  Class  According 

^ to  Power  of  Power-Law  Curve 

(1.4) 

Tower  4 J 

(2.  1) 

Tower  1 ^ 

(2,2) 

T owe  r 2 1 

Pasquill  Class 

According 

(2,3) 

T owe  r 3 | 

; to  Air  .Speed  at 

10-ft  level 

(2.4) 

Tower  4 J 

1 

(3,2) 

T owe  r 2 ^ 

i Pasquill  Class 

According 

(3,3) 

, Tower  3 J 

' to  dT/dZ 

(1) 

Richa  rdson 

Number,  Tower  2 

(2) 

Richardson 

Num.be  r.  Tower  3 

(3) 

Average  Ricliardson  Number 
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Table  3 (Continued) 


Stability  Parameters  (Continued) 


nRlINT2 

BRUNT3 

STAB2 

STAB3 


(13,  1 ) Tower  1 'I 

(13.2)  Tower  2 V Average  Dissipation  Rate 

(13.3)  Tower  3 / for  Each  Tower  (Types  1,2,  3,4) 

(13.4)  Tower  4 J 

Brunt-Vaisala  Period  lor  Tower  2 
Brunt- Vaisala  Period  for  Tower  3 
Stability  Length  tor  Tower  2 
Stability  Length  for  Tower  3 


Mean  Wind  and  Wind  Variance  Parameters 


VBAR(N,  M) 


N = 


M = 


1 

20  ft 

Tower 

1 

2 

40  ft 

Tower 

1 

6 

20  ft 

Tower 

2 

7 

40  ft 

Tower 

2 

11 

25  ft 

Tower 

3 

12 

50  ft 

Tower 

3 

13 

100  ft 

Tower 

3 

14 

1 35  ft 

Tower 

3 

17 

20  ft 

Tower 

4 

18 

30  ft 

Tower 

4 

1 

u ft/ s 

ec 

2 

V ft/s 

ec 

3 

w ft/ sec 

1 

4 

“h 

sec 

5 

Vh  ft/ 

sec 

6 

angle 

deg 

-sec  Average  of  Wind  Velocity 


VVAR(N,  M)  Same  Nomenclature 
as  Above 


Variance  of  Wind  Velocity  for  128- 
sec  Record. 


Notation 


P = power  law  exponent 

u = down  runway  wind  components 

u^  = friction  velocity  for  logarithmic  profile 
'^h  ” horizontal  component  of  wind  velocity 

“href”  horizontal  component  of  wind  velocity  at  reference  altitude 
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Table  3 (Concluded) 


Zq  = roughness  length  for  logarithmic  profile 

z , = reference  altitude  for  power  law  profile 
ref 

c = turbulent  dissipation  rate 

CT,  = standard  deviation  of  horizontal  component  of  wind  velocity 


r 


1 


is  a list  of  all  parameters  which  were  deemed  to  have  some  relationship  to 
vortex  behavior. 

3.3  VORTEX  DETECTORS 

The  presence  of  wake  vortices  near  the  ground  was  detected  by  each 
of  three  rows  of  single-axis  propeller  driven  anemometers  as  shown  in  Figs. 

18  and  19.  The  propeller  anemometers  measure  crosswind.  In  the  data 
processing,  if  the  variance  of  the  signal  from  a single  sensor  did  not  exceed 
0.02  (ft/sec)  over  the  128-second  average  following  aircraft  passage,  the 
lack  of  variance  was  interpreted  as  a sign  that  the  anemometer  was  not  func- 
tioning properly,  and  the  sensor  was  declared  to  be  dead.  All  active  sensor 
data  were  filtered  with  a weighted  17-second  averaging  filter.  The  filter  was 
weighted  with  a half  sine  wave  extending  over  the  averaging  period.  For  the 
vortex  tracking  calculation,  the  position  of  the  starboard  vortex  was  the  lateral 
position  of  the  anemometer  exhibiting  the  maximum  crosswind  velocity  (using 
the  filtered  values).  Similarly,  the  position  of  the  port  vortex  was  the  lateral 
position  of  the  anemometer  exhibiting  the  minimum  crosswind  velocity.  A 
sample  vortex  track  as  generated  in  this  manner  is  shown  in  Fig.  20.  A false 
indication  of  the  vortex  position  occurs  after  the  vortex  leaves  the  lateral 
extent  of  the  anemometer  array. 

The  time  of  port  (or  starboard)  vortex  passage  over  an  anemometer 
which  had  been  determined  to  be  closest  to  the  vortex  was  defined  as  the  time 
at  which  the  wind  measured  by  that  sensor  was  a maximum  (or  minimum). 

By  plotting  the  times  at  which  the  vortex  passed  over  sensors  at  the  various 

lateral  positions,  a plot  of  vortex  lateral  position  as  a function  of  time  was  ; 

generated.  The  vortex  transport  time  was  generated  by  smoothing  the  time- 
lateral  position  curve  and  determining  the  time  at  which  the  last  vortex  crossed  ! 

the  flight  corridor  boundary.  False  signals  could  easily  be  distinguished  from 

true  vortex  tracks  in  determining  residence  time.  i 

1 

I 

1 

I 
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Two  characteristics  of  the  ground  wind  sensor  are  important  in  inter- 
preting data  from  it.  First,  reliable  data  are  obtained  only  when  the  vortex 
is  close  to  the  ground.  This  limitation  is  inherent  in  the  ground  wind  system. 
Second,  false  points  could  be  generated  after  the  vortex  left  the  flight  corridor. 
However,  these  were  eliminated  in  the  determination  of  transport  time  as 
described  above. 

Wake  vortex  trajectories  were  also  measured  by  two  laser  Doppler 
velocimeter  (LDV)  systems  deployed  at  JFK.  The  scan  area  used  for  the 
test  is  shown  in  Fig.  19.  For  each  position  of  the  focal  volume  in  space,  the 
backscattered  laser  intensity,  I,  and  the  aerosol  velocity  (line -of- sight  velocity 
relative  to  the  LDV  system  measured  by  the  Doppler  shift  in  the  returned 
signal),  V,  were  recorded.  The  data  processing  algorithm  used  to  calculate 
vortex  location  is  discussed  in  Ref.  15.  It  is  presented  briefly  here. 

For  the  first  vortex,  the  algorithm  checks  the  number  of  data  points 
in  a scan  frame  (i.e.,  a single  complete  scan  of  the  scan  area  shown  in  Fig.  19) 
to  ensure  that  a sufficient  number  of  data  points  exist  (>2)  to  define  a vortex. 
Then  it  selects  the  highest  intensity,  I,  in  a scan  frame  and  uses  the  y,  z co- 
ordinates of  this  point  as  the  center  of  a correlation  circle  of  radius  R (Fig.  21), 
where  R is  selected  by  the  system  operator  based  on  vortex  generation,  air- 
craft type,  and  previous  experience.  Once  the  correlation  circle  has  been 
defined,  the  algorithm  requires  that  at  least  B percent  of  the  points  which  lie 
within  the  circle  have  an  I greater  than  or  equal  to  A percent  of  the  initially 
selected  I.  If  this  criterion  is  not  met,  the  selected  I is  discarded  as  a 
spurious  signal,  and  the  next  highest  I is  selected  until  the  A and  B percentage 
criterion  is  met.  Once  this  occurs,  weighted  average  Y and  Z position 
coordinates  are  computed  for  all  points  in  the  circle  using  intensity,  I,  and 
line-of-sight  component  of  velocity,  V,  as  the  weighting  function; 
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VORTEX  LOCATION  ALGORITHM  OUTLINE  (Ref.  15) 
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where  Y and  Z are  the  vortex  centroid  y and  z positions,  respectively. 

Following  this  calculation,  all  the  data  points  outside  a circle  of  radius 
Ng*  R,  centered  at  the  previously  calculated  vortex  center  (Y,  Z),  are  examined 
to  determine  the  highest  remaining  V.  (N^  is  an  operator-selectable  multi- 
plication factor  (l,2,etc.)L)  If  this  point  has  C percent  of  the  number  of  data  points 
in  its  correlation  region  that  were  found  in  the  first  vortex's  correlation  region 
and  if  B percent  of  the  point  in  its  correlation  region  have  V greater  than  A 
percent  of  the  highest  V in  vortex  one,  then  a second  vortex  exists  in  the  scan 
frame.  If  this  criterion  is  met,  then  a weighted  average  is  found  for  its  loca- 
tion as  described  for  the  first  vortex. 

3.4  CALCULATED  VORTEX  TRAJECTORIES 

The  calculated  wake  vortex  trajectories  were  generated  from  a theo- 
retical model  (Ref.  3)  using  the  aircraft  location,  wing  span,  weight,  and  airspeed 
as  inputs.  The  spanwise  wing  loading  was  assumed  to  be  elliptic.  The  input 
parameters  and  resulting  vortex  strength  for  each  aircraft  type  are  shown  in 
Table  1.  The  aircraft  were  assumed  to  be  centered  on  the  runway  centerline 
at  altitudes  of  200,  172,  135,  and  78  ft,  respectively,  for  baselines  1,  2,  3 and  4. 
Although  the  complete  theoretical  vortex  transport  model  contains  many  trans- 
port and  decay  mechanisms,  the  calculated  trajectories  for  the  data  management 
system  considered  vortex  transport  by  mutual  induction  and  crosswind  only. 
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f where  0 is  the  wind  direction  profile  as  shown  in  Table  3. 

3.5  VORTEX  DATA  REPORTS 

The  wake  vortex  and  meteorological  measurements  obtained  by  the 
JFK  data  collection  system  have  been  processed  with  the  DMS  software, 
stored  on  tape  and  disk,  and  tabulated  into  data  reports.  A sample  data  report 
is  shown  in  Tables  4-7  and  Figs.  22-30.  The  definitions  of  the  meteor- 
ological parameters  are  listed  in  Table  3.  The  calculated  vortex  trajectories 
for  Baseline  2 have  been  omitted  for  brevity  — no  vortex  measurements  were 
made  at  Baseline  2.  The  data  access  keys  (Table  7)  are  parameters  which 
are  used  to  selectively  recall  data  from  the  DMS.  The  symbols  used  for  the 
data  access  keys  are  shown  in  Table  8. 
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Table  4 
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WIND  PROFILE  PARAMETERS  FOR  DATA  REPORT 


0*T*  mn  rLVtV  IW«BI  ilM  MTE  lllC  OF  OAV  AIRCIliFl  OCf 

HMItlls  10.0000  fLMM  > 3 I3.$*ia2  FLMO*  1 > s .ONV  FLlM  1,2  > 3 20.0000  Fl«I2,2  > 3 lOOni  FilM  3,2  > 3 -.0203 

3 M.OOOO  FLM1,3)  3 I4.99M  FLM3.3  > 3 -.0979  FlM  1,9)  s 20  0000  Fl««2,9  ) s 19  4972  FlM  ],9  I s -.1999 


(SiFM>  3 -39.9430  00CF<2)  3 -.1302  C0EF(3)  3 13.9309  IPOLV  s 


1 

II 


usTimi 

.9147 

-.1942 

-.7209 


-.0009 

-.3090 


UOTMQ 

.0314 

.6390 

1.9449 

1.7909 

1.9932 

.906''i 


.7977 

1.9223 

1.1926 


UST«I)9 

MOUGNl 

.6291 

.0000 

1.0963 

.0000 

3339 

.0000 

.9439 

.0000 

—»»»»<  »« 

.0000 


.0000 

.0000 


oouok; 

.0016 

.7997 

.0002 

.0019 

.0000 

.0019 


.0702 

.0019 

.0979 


ooufim 

.2490 

.0007 

0003 

.0267 


V0IAO  M14V 


1 

2 

3 

9 

9 

4 

7 

6 

9 

10 

II 

12 

13 

19 

.0247 

-.1991 

-.2933 

-.0990 

•«#«««*« 

.0220 

»»»»>*•» 

00000000 

.3704 

-.0099 

-.0247 

-.2092 

-.2199 

-.0399 

000000  00 

.0104 

00000000 



00000000 

9449 

0092 

.0990 

-.2179 

-.1902 

-.0397 

••*««««* 

.0199 

00000000 

00000000 

00000000 

00000000 

00000000 

.2079 

-.0190 

.0341 

.0127 

-.0900 

-.0192 

000^000 

-.0037 

00000000 

00000000 

00000000 

00000000 

-.0901 

-.0229 

MM990>  3 .034)  Mil0HI2)  3 -.0)27  10)009(3)  3 -.0224  )Oien9<9)  3 -.0901 

mCMI)  3 Ml  CM  2)  3 9^—009  NJCM3)  s •••«••••• 


0MIV72  3*«*«««««««ST4t2  s**«»»««*««S7M13  r********** 


Table  5 


TEMPERATURE,  STABILITY,  AND  TURBULENCE  PARAMETERS 

FOR  DATA  REPORT 


fCT  MT«  RM  fLVtV  MMB)  3I*I  WTE  H/lf/rf  IlfC  V 0*V  IWt  00 

W 


Tff^AI  s 

1 •«•«•••«« 

2 *9* 

fEfVA9  : 

3 

■1  •••••»«•* 

«TE(V  = 

MFSH  s 

7 «#••••••« 

8 «•••«••«» 

ff>TErfP  = 

9 •«« 

10 

HurCD  = 

11  ••• 

IPN60 

ffVlAV 

2 

3 

9 

1 

1 

0 

0 

0 

2 

3 

3 

3 

3 

3 

0 

0 

C 

0 

0IS18 

MR9V 

2 

3 

9 

1 

.0H27 

.9271 

.8699 

2 

.0213 

.9318 

.9031 

3 

.0717 

.3323 

3.0673 

.0338 

.2389 

3.0331 

« 

.0181 

.2723 

2.9303 

6 

.0091 

•••••••«« 

.1883 

.8963 

7 

.0093 

9 

.0039 

.1223 

.9000 

9 

.0032 

10 

.0319 

4M  ••••••« 

.9990 

.7176 

II 

.0210 

.3931 

2.3X1r 

12 

.0238 

.3900 

1.9961 

n 

.9021 

1.1189 

.1971 

.6811 

Table  6 


MEAN  WIND  AND  WIND  VARIANCE  PARAMETERS 
FOR  DATA  REPORT 


m w*  m nw 


ii«  OMi  vir/rt  iiic  V m u.n.«t  M«cR«n  i«m  m 


2 

3 

9 

9 

4 

II.OMO 

-4.1944 

-1.7792 

13.5902 

.0000 

-27.2100 

-4.7312 

.2007 

19.2702 

.0000 

*999***99 

-20. >993 

-rirr--i - 

-7.5105 

2.4279 

10.0900 

.0000 

-29.5177 

13.9m 

-11.5994 

-1 . 7310 

17.0959 

.0000 
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-0.2920 

1.2930 
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-29.6340 

7.037t 

-13.4054 
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15.3101 

-.0000 

-42.4963 

3.9772 

-12.0253 

15.0044 

-.0000 

-53.2577 

9.9M0 

-10.0090 

-.3049 

19.4972 

.0000 

-97.3142 

13.7995 

-I. 1393 

1.7444 

13.7947 

.0000 

-9.7348 

2 

3 

9 

5 

4 

3,9999 

.9113 

.5139 

9.3222 

17.0592 

2.0000 

5723 

9 1175 

7 5522 

. 17.4047 
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.0094 
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*99999999 
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999999999 
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Table  7 

VALUES  OF  DATA  ACCESS  KEYS 
FOR  DATA  REPORT 


M am  ft*  fiwr  NMOi  )i«  MTI  vir/n  ti>c  of  o«v  u.M.a?  *i*cmfi  i«ft  on 


SITOB 

s 1.0000 

3 

3.3179 

RUMO 

« 31V. 0000 

UH-VO  3 

19.2702 

MV 

s 107.0000 

MM-VO  3 

330.  IMS 

nm 

> 79.0000 

PtfO-T  3 

.0000 

TlfCM  S WVT.OOOO 

VOISV  3 

.0213 

MRCR 

« 0C» 

I6HR1  3 

-.2933 

LVMn 

s 00000027U 

I6MI2  3 

.0220 

LVMB 

3 0000002772 

lAMO  3 

-.0990 

MCCI 

3 0000000000 

I6MM  3 

-.2199 

MCO 

3 0000000000 

b6HR9  3 

.0109 

mcD 

3 0000016l0#> 

I6HR6  3 

-.0399 

0UI 

3 00000IV032 

VMLUE  3 

-.0979 

3 0000000000 

pmim  3 

20.0000 

fCT 

3 000001 17V7 

MtLUV  3 

19.9979 

IMO 

3 -12.9029 

RilCVl  3 

-.1299 

3 -«.7312 

micv2  3 

.7777 

3 .2007 

Ltf€t  3 

93.9917 

V-VM 

3 2.0000 

3 .9723 

L1FE2  3 

97.9991 
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rtex  Altitude  (ft) 


Displacement  from  Runway  Centerline  (ft) 


FIGURE  22.  CALCULATED  AND  MEASURED  VORTEX  TRAJECTORIES 
FOR  BASELINE  1 


Time  After  Aircraft  Passage  (sec 


F! 
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FIGURE  24.  CALCULATED  AND  MEASURED  VORTEX  LATERAL 
POSITION  FOR  BASELINE  1 
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Vortex  Altitude  (ft) 


Displacement  from  Runway  Centerline  (ft) 

FIGURE  27.  CALCULATED  AND  MEASURED  VORTEX  LATERAL 
POSITION  FOR  BASELINE  3 
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Displacement  from  Runway  Centerline  (ft) 


FIGURE  28  . CALCULATED  VORTEX  TRAJECTORY  FOR  BASELINE  4 
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Displacement  from  Runway  Centerline  (ft) 


FIGURE  30.  CALCULATED  AND  MEASURED  VORTEX  LATERAL 
POSITION  AT  BASELINE  4 


Table  8 


I 

DATA  ACCESS  KEYS  FOR  VORTEX  DATA 
MANAGEMENT  SYSTEM 


1.  SITENO 

2.  RUNNO 

3.  DAY 

4.  YEAR 

5.  TIMEDA 

6.  AIRCFT 

7.  LVANl 

8.  LVAN2 

9.  DACCl 

10.  DACC2 

11.  PACC 

12.  PRED 

13.  GRWD 

14.  MET 

15.  U-40 

16.  V-40 

17.  W-40 

18.  UH-40 

19.  ANG-40 

20.  VDISP 

21.  WSHRl 

22.  WSHR2 


Site  Number 

Run  Identification  Number 

Day  of  Year 

Year 

Time  of  Day  in  Seconds 
Aircraft  Type 

Laser  Doppler  Velocimeter  Van  1,  non-zero 
if  data  cataloged 

Laser  Doppler  Velocimeter  Van  2,  non-zero 
if  data  cataloged 

Doppler  Bistatic  Acoustic  Receiver  1,  non-zero 
if  data  cataloged 

Doppler  Bistatic  Acoustic  Receiver  2,  non-zero 
if  data  cataloged 

Pulsed  Acoustic,  non-zero  if  data  cataloged 
Calculated  track,  non-zero  if  data  cataloged 
Ground  Wind,  non-zero  if  data  cataloged 
Met  Sensor  Data,  non-zero  if  data  cataloged 
Tailwind  Down  Runway  (U  at  40  ft)  Tower  1 
Crosswind  (V  at  40  ft)  Tower  1 
Vertical  Wind  (W  at  40  ft)  Tower  1 
Horizontal  Wind  Speed,  (U**2  + V**2)**0.5  at  40  ft 
Direction  of  Horizontal  Wind 

Dissipation  Computed  from  Tower,  140  ft  Level 

Wind  Shear,  DU/DH,  Linear  Fit  of  Large  Tower 
for  25-50  ft 

Wind  Shear,  DU/DH,  Linear  Fit  of  Large  Tower 
for  50-135  ft 


J 
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Table  8 (Concluded) 

23. 

WSHR3 

Wind  Shear,  DU/DH,  Linear  Fit  of  Large  Tower 
for  25-135  ft 

24. 

WSHR5 

Wind  Shear,  DV/DH,  Linear  Fit  of  Large  Tower 
for  50-35  ft 

25. 

U-VAR 

Variance  of  U-Wind  Component  at  40  ft 

26. 

V-VAR 

Variance  of  V^Wind  Component  at  40  ft 

27. 

W-VAR 

Variance  of  W-Wind  Component  at  40  ft 

28. 

UH-VAP 

Variance  of  U-Horizontal  Wind  Speed  at  40  ft 

29. 

PWRLWE 

Power-Law  Exponent  Computed  from  Large  Tower 

30. 

PWRLWH 

Power-Law  Height  Computed  from  Large  Tower 

31. 

PWR  LWV 

Power-Law  Velocity  Computed  from  Large  Tower 

32. 

FRIG  VI 

Friction  Velocity  Computed  from  Large  Tower 

Wind  Speed  at  50  and  135  ft 

33. 

FRICV2 

Friction  Velocity  Computed  from  Variance  of 

Large  Tower  Wind  Speed  at  135  ft 

34. 

LIFEl 

Vortex  Life  Time  Computed  from  Universal  Life 
Time  Function  Using  VDISIP 

35. 

LIFE  2 

Vortex  Life  Time  Computed  from  McGowan's  Life 
Time  Curve  Using  Power-Law  Wind  Speed 

36. 

RT-LDV 

Maximum  Residence  Time  from  Upwind  LDV  Van 

37. 

LT-LDV 

Maximum  Life  Time  from  Upwind  LDV  Van 

38. 

RT-PRED 

Maximum  Calculated  Transport  Time  Baseline  1 

39. 

RT-GW 

Maximum  Residence  Time  from  GW  Sensor  Baseline 

40. 

LT-GW 

Maximum  Life  Time  from  GW  Sensor  Baseline  1 

41. 

RT-GW2 

Maximum  Residence  Time  from  GW  Sensor 

Baseline  2 

42. 

LT-GW2 

Maximum  Life  Time  from  GW  Sensor  Baseline  2 

43. 

RTPRED2 

Maximum  Calculated  Residence  Time  Baseline  2 

44. 

TURBUH 

Turbulence  Uevel  of  Wind  Speed  4^^ 

45. 

TURBV 

V-VAR 

Turbulence  Level  of  Crosswind  — ^ — 

46 . 

VBAR  40 

Crosswind  at  40  ft  Level  Tower  2 

47. 

VBAR  50 

Crosswind  at  50  ft  Level  Tower  2 

48. 

VBAR  30 

Crosswind  at  30  ft  Level  Tower  4 
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All  of  the  data  shown  in  the  sample  data  report  are  stored  in  the 
DMS.  This  includes  vortex  altitude  and  lateral  position  as  a function  of 
time  for  both  calculated  and  measured  vortex  trajectories. 

3.6  DATA  MANAGEMENT  SYSTEM 

A computerized  vortex  data  management  system  (DMS)  has  been 
developed  for  cataloging,  indexing,  manipulating,  and  retrieving  vortex  data 
as  a function  of  atmospheric,  aircraft,  and  site-dependent  parameters.  The 
major  capabilities  of  the  DMS  include:  (1)  file  maintainence  (tape  read  and 
write,  additions, and  corrections  of  data);  (2)  arithmetic  operations  (including 
statistical  manipulation  of  data);  and  (3)  retrieval  of  vortex  data  (plotting  and 
testing).  The  purpose  of  the  DMS  is  to  catalog  the  vortex  data  in  such  a 
manner  that  various  correlations  and  functional  relationships  can  be  con- 
veniently determined  and  efficiently  displayed  from  available  vortex  track 
and  meteorological  data.  Thus,  it  is  a useful  tool  for  the  refinement  of  the 
analytic  model  and  for  the  formulation  of  a predictive  model. 

The  DMS  operates  in  two  modes.  The  first  mode  is  the  catalog  mode 
in  which  data  are  read,  calculations  necessary  to  generate  values  of  calcu- 
lated parameters  are  performed,  and  data  files  of  measured  and  calculated 
parameters  are  generated.  The  second  mode  is  the  retrieval  mode  in  which 
stored  data  from  the  data  files  are  retrieved,  user-defined  calculations  are 
performed  on  the  retrieved  data,  and  printouts  and/or  plots  of  the  retrieved 
data  (and/or  parameters  generated  from  user-defined  calculations)  are  gen- 
erated. The  basis  for  the  retrievals  is  a set  of  user-defined  values  of  one 
or  more  data  access  keys.  The  keys  are  selected  parameters  as  shown  in 
Table  8.  The  DMS  is  described  in  Appendix  A. 

The  DMS  was  used  extensively  in  the  retrieval  mode  for  the  analysis 
of  data  to  be  presented  in  the  next  two  sections.  Virtually  all  of  the  computer- 
generated  plots  in  the  next  two  sections  were  generated  by  the  DMS  operating 
in  the  retrieval  mode.  The  DMS  was  therefore  the  primary  tool  by  which 
the  analysis  of  the  next  two  sections  was  conducted. 
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4.  ANALYSIS  OF  WAKE  VORTEX  DATA  BASE 


This  section  contains  an  analysis  of  particular  aspects  of  wake  vortex 
behavior  and  associated  meteorology.  The  analysis  is  based  on  the  analytic 
transport  model  and  on  vortex  data  and  meteorological  data  measured  at  JFK. 
This  section  begins  with  presentation  of  the  vortex  data.  The  scatter  in  the 
data  is  observed,  and  reasons  for  the  scatter  in  the  data  are  presented.  The 
basis  for  comparison  of  calculated  results  and  measured  results  is  presented 
and  justified.  It  is  shown  that  comparison  of  calculated  trajectories  (stored 
in  the  DMS)  with  measured  trajectories  on  a flyby -by -fly by  basis  is  not  ap- 
propriate. Probability  distributions  of  vortex  residence  time  are  presented, 
and  apparent  vortex  decay  is  noted. 

A discussion  of  vortex  parameters  which  may  be  site-dependent  is 
presented.  A discussion  of  meteorological  parameters  as  they  relate  to 
time  periods  of  30  sec  to  2 min  is  presented.  The  basis  for  the  comparison 
is  the  meteorological  data  measured  at  JFK. 

Section  2 serves  as  a background  for  this  section  since  it  presents  a 
theoretical  basis  for  analysis  of  the  data  presented  in  this  section.  This 
section  serves  as  a background  to  Sections  5 and  6.  The  data  scatter  and 
meteorological  variability  presented  in  this  section  lead  to  the  conclusion 
that  residence  time  cannot  be  calculated  and/or  predicted  on  a flyby-by-flyby 
basis.  This  conclusion  leads  to  the  necessity  of  the  prediction  techniques 
discussed  in  Section  5.  This  section  concentrates  on  vortex  transport,  which 
is  one  of  the  phenomena  affecting  vortex  residence  time  (the  other  is  vortex 
life  time)  The  reason  for  the  emphasis  on  transport  in  the  section  is  that 
vortex  transport  is  more  amenable  to  analytic  calculation  than  is  vortex  life 
time,  and  this  section  concentrates  on  the  ability  to  use  such  calculations 
beneficially  in  an  operational  environment.  Section  5 presents  an  approach 
for  prediction  of  vortex  life  time. 
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This  section  may  be  considered  to  be  a summary  of  important  vortex- 
related  and  meteorological-related  observations  which  are  important  in  the 
design  of  an  effective  WVAS.  As  such,  the  conclusions  reached  in  this  section 
serve  as  the  ground  rules  for  the  WVAS  design  considerations  presented  in 
Section  6. 

4,1  VORTEX  TRANSPORT  CHARACTERISTICS  FROM  MEASURED  DATA 

The  objective  of  the  vortex  predictive  model  is  to  predict  the  vortex 
residence  time  in  the  approach  corridor  for  some  period  of  time  in  advance 
based  on  current  meteorological  parameters.  Since  the  predicted  vortex 
residence  time  is  to  be  used  by  the  WVAS  to  set  safe  aircraft  separations, 
the  ability  of  the  vortex  predictive  model  to  predict  the  vortex  transport  time 
reliably  is  an  important  consideration.  Predictive  reliability  consists  of 
two  elements;  the  reliability  with  which  the  transport  model  calculates  the 
actual  vortex  transport  time  and  the  reliability  with  which  the  meteorological 
conditions  can  be  predicted.  To  assess  the  reliability  of  the  vortex  transport 
model  it  is  necessary  to  determine;  (1)  the  ability  of  the  vortex  transport 
model  to  calculate  the  vortex  transport  time  accurately  based  on  the  current 
wind  profile  and  assumed  aircraft  characteristics;  (2)  the  variance  between 
the  vortex  transport  characteristics  based  on  assumed  values  of  aircraft 
parameters  and  those  of  actual  values  of  aircraft  parameters;  and  (3)  the 
ability  to  extrapolate  the  current  meteorological  parameters  to  future  time 
periods.  In  the  following  discussion  the  reliability  of  the  calculated  vortex 
transport  time  is  investigated.  The  factors  affecting  the  accuracy  of  pre- 
dicted transport  time  are  addressed  in  Section  4.2.2. 

I 

4 1.1  Vortex  Characteristics  Affecting  the  Accuracy  of  Calculated  Vortex 
Transport  Tinrie 

Ostensibly,  the  reliability  of  the  transport  model  should  be  ascertained 
by  a flyby-by-flyby  comparison  of  the  calculated  trajectory  and  transport 
time  with  the  measured  trajectory  and  transport  time.  However,  when  the 
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vortex  transport  time  is  calculated  from  available  tower  crosswind  measure- 
ments and  assumed  values  of  aircraft  parameters,  the  sources  of  uncertainty 
include;  (1)  uncertainty  in  crosswind  due  to  displacement  of  the  tower  from 
the  vortex  corridor:  (2)  variations  in  crosswind  with  altitude;  (3)  variations 
between  assumed  and  actual  aircraft  parameters;  and  (4)  deviation  of  aircraft 
position  from  the  assumed  position  on  the  ILS.  The  sensitivity  of  the  vortex 
transport  model  to  variations  in  crosswind  and  aircraft  parameters  was 
illustrated  earlier  in  Section  2,2. 

The  first  two  sources  of  uncertainty  are  discussed  in  the  following 
paragraphs.  The  conclusion  of  the  discussion  is  that  comparison  of  calcu- 
lated and  measured  results  on  the  basis  of  crosswind  measurement  at  a single 
altitude  from  a tower  which  is  close  to  the  vortex  corridor  is  preferable  to  com- 
parison with  calculated  results  based  on  a complete  velocity  profile  but  with 
the  tower  far  from  the  vortex  corridor. 

A comparison  of  the  wind  measured  at  the  40-ft  level  of  tower  1 (tower 
closest  to  the  flight  path  at  baseline  1)  with  that  measured  at  the  50-ft  level 
of  tower  3 (tower  from  which  wind  data  were  used  for  calculated  vortex  tra- 
jectory) is  shown  in  Fig.  31.  Winds  shown  are  the  128-sec  averages  following 
each  flyby.  The  scatter  in  the  data  is  significant,  suggesting  that  comparison 
of  calculated  and  measured  trajectories  on  a flyby- by-flyby  basis  is  not  ap- 
propriate. (Tower  3 data  were  used  for  the  calculated  trajectory  in  the  DMS 
because  it  was  the  only  tower  by  which  a wind  profiie  could  be  obtained  for  the 
altitude  range  of  interest).  Therefore,  calculation  of  transport  time  by  the 
methods  of  Section  2.1  and  using  the  crosswind  measured  by  tower  1 is  used 
as  the  basis  of  comparison  of  calculated  and  measured  results.  It  is  noted  that 
the  40-ft  altitude  approximates  the  asymptotic  altitude  for  the  B-727  (cf. 

Section  2.2.1).  As  an  example  of  the  discrepancy  between  measured  tra- 
jectories and  trajectories  calculated  from  the  wind  of  tower  3,  sample  plots 
of  the  wake  vortex  altitude  and  lateral  position  as  a function  of  time  are 
given  in  Figs.  32,  33  and  34.  The  straight  lines  in  Fig.  32  connect  calculated 
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Crosswind  Measured  by  Tower  3 at  50-ft  Altitude  (ft/sec) 
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FIGURE  33.  EXAMPLE  OF  CALCULATED  AND  MEASURED  VORTEX  ALTITUDE 
AS  A FUNCTION  OF  TIME 
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vortex  positions  with  LDV-measured  vortex  position  at  20-sec  intervals. 
Although  both  the  calculated  and  measured  vortex  trajectories  are  well 
defined,  they  do  not  agree.  In  Fig.  34,  the  lateral  positions  as  measured 
by  the  ground  wind  sensors  and  by  the  LDV  show  good  agreement;  however, 
they  do  not  agree  with  the  calculated  vortex  trajectory.  The  disagreement 
is  caused  by  the  meteorological  tower,  upon  which  the  calculated  trajectory 
is  based,  being  located  3300  ft  from  the  runway  centerline.  For  Figs.  32 
through  34,  the  average  crosswind  for  tower  1 (40  ft)  was  -6,32  ft/sec, 
whereas  that  for  tower  3 (50  ft)  was  -9.29  ft/sec.  The  slopes  of  the  trajec- 
tories (i.e,,  change  in  vortex  lateral  position  per  unit  time)  shown  in  Fig.  34 
indicate  a crosswind  of  -9.3  ft/sec  for  the  calculated  trajectory,  -6.7  ft/sec 
for  the  measured  port  vortex,  and  -4.3  ft/sec  for  the  measured  starboard 
vortex. 

In  addition  to  variations  in  the  crosswinds  due  to  tower  location,  the 
variations  in  the  crosswinds  with  altitude  also  affect  the  reliability  of  the 
calculated  vortex  transport  time. 

For  the  calculated  residence  time  based  on  a complete  wind  profile, 
the  wind  data  measured  at  25,  50  and  135  ft  were  curve  fitted  to  an  analytic 
form  in  a least-squares  sense.  Reference  30  had  shown  that  the  power-law 
form  was  the  best  wind  profile  form  for  vortex  calculations.  The  wind  speed 
was  fitted  to  a power-law  curve,  and  the  wind  direction  was  fitted  to  a linear 
profile.  The  form  of  the  crosswind  was 


V = V (z/z  )^sin(A  + Bz) 

it  o 

o 

An  example  of  the  fitted  crosswind  profile  is  shown  in  Fig.  35  with  the  data 
measured  by  the  anemometers  on  the  towers.  A plot  of  the  individual  calcu- 
lated transport  times  based  on  the  curve-fitted  wind  profile  is  shown  as 
a function  of  crosswind  measured  at  the  50-ft  level  in  Fig.  36.  The  uniform 


no 


Altitude, z 

(ft)  . 


O Tower  1 
□ 2 

A 3 

O 4 


Curve-fitted  wind  profile 
based  on  Tower  3 data 


= sin  [A+  Bz] 

= 8.4174  ft/sec 
o 

z = 20.0  ft 

o 

P = 0.3608 

A = 4.8979  deg 

B = 0.1358  deg/ft 


— I — h- f-J — h-H — 1 — ^ — 1 

-10  -8  -6  -4  -2  0 2 4 6 8 10 

Crosswind,  v (ft/sec) 


FIGURE  35.  COMPARISON  OF  MEASURED  AND  CURVE-FITTED  WIND  DATA 


crosswind  transport  time  and  the  transport  time  for  a power -law  exponent 
of  0.2  are  shown  for  reference.  While  much  of  the  scatter  may  be  attributed 
to  a non-zero  power-law  exponent,  some  of  the  scatter  results  from  the  con- 
dition that  the  curve  fitting  implies  that  the  value  of  wind  of  the  fitted  data  at 
50-ft  altitude  is  not  necessarily  equal  to  the  measured  data  at  the  same  altitude. 
It  is  noted  that  it  is  the  measured  value  which  is  used  as  a reference  — not  the 
curve-fitted  value  of  wind  at  50  ft.  For  example,  for  the  flyby  illustrated  in 
Fig  35,  the  value  of  calculated  transport  time  (shown  in  Fig.  36)  is  based  upon 
the  dashed  line,  which  gives  a crosswind  of  approximately  -0.5  ft/sec  at  50-ft 
altitude.  However,  the  value  of  crosswind  used  in  Fig.  36  would  be  the  measured 
value  at  50  ft  (i.e.,  -4  ft/sec). 

For  comparison.  Fig.  37  shows  the  same  information  as  Fig.  36,  but  with 
the  reference  crosswind  being  the  value  derived  from  the  curve  fit  (i.e.,  the 
value  on  the  dashed  line  at  50-ft  altitude  in  Fig.  35).  The  scatter  in  Fig.  37  is 
due  to  variations  in  power-law  exponent  and  aircraft  type  (cf. , Fig.  16),  whereas 
that  in  Fig.  36  is  due  to  these  two  factors  plus  the  difference  between  the  meas- 
ured value  of  wind  at  50-ft  altitude  and  the  value  of  wind  at  50  ft  from  the  curve 
fit 


While  variations  in  the  calculated  vortex  residence  time  were  noted  as 
a result  of  variations  in  the  input  crosswind,  similar  variations  can  result 
from  variations  in  the  input  aircraft  parameters.  The  calculated  transport 
time  is  based  on  nominal  values  of  aircraft  parameters.  However,  there 
unknown  variations  in  aircraft  weight  (up  to  + 35%  of  nominal  values),  vari- 
ations in  wing  span  (due  to  different  models  of  a given  type),  variations  in 
spanwise  loading  factor  (due  to  different  flap  settings),  variations  in  airspeed, 
variations  in  altitude  about  glideslope,  and  variations  in  lateral  position  about 
the  runway  centerline.  The  comparison  of  the  vortex  residence  time  meas- 
ured with  ground  wind  anemometers  with  expected  variation  due  to  variation 
in  aircraft  parameters  is  illustrated  in  Fig.  38  for  wide-body  transports  and 
in  Fig.  39  for  narrow-body  transports.  The  calculated  data  are  transport 
times,  and  the  measured  data  are  residence  times.  Residence  time  may  be 
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FIGURE  37.  CALCULATED  RESIDENCE  TIME  WITH  REFERENCE  CROSSWIND 
TAKEN  FROM  CURVE-FITTED  CROSSWIND  PROFILE 
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FIGURE  39.  VORTEX  RESIDENCE  TIME  FOR  NARROW -BODY  AIRCRAFT 
AS  MEASURED  BY  GROUND  WIND  VORTEX  SENSING  SYSTEM  Shaded  area 
represents  expected  variations  in  calcuiated  transport  time  from  expected 
variations  in  aircraft  parameters 
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less  than  (but  never  greater  than)  transport  time.  The  expected  variation 
in  transport  time  is  based  upon  minimum  and  maximum  aircraft  weights  as 
shown  in  Table  9,  airspeed  deviations  of  5 knots  about  the  nominal  values 
shown  in  Table  1,  a 20-ft  deviation  from  the  glideslope,  and  a 30-ft  deviation 
from  the  localizer.  Figure  40  shows  vortex  residence  time  as  measured  by 
the  LDV  for  narrow-body  aircraft. 

The  results  indicate  that  unknown  aircraft  parameters  can  account  for 
a noticeable  variation  in  the  measured  residence  time,  primarily  at  low  cross- 
wind  velocities  in  the  range  0 to  6 ft/sec.  The  primary  effect  of  variation  in 
aircraft  parameters  is  through  the  effect  on  vortex  strength  and  the  resultant 
lateral  velocity  (relative  to  the  wind)  of  the  vortex  in  ground  effect.  Therefore 
if  the  crosswind  is  strong  enough  so  that  the  vortex  exits  the  flight  corridor 
before  entering  ground  effect,  variation  in  aircraft  parameters  has  no  effect 
on  residence  time,  except  for  lateral  displacement  from  the  localizer.  How- 
ever, if  the  vortex  exits  the  flight  corridor  in  ground  effect,  aircraft  param- 
eters have  a very  significant  effect  on  vortex  residence  time. 

In  addition  to  the  variations  in  aircraft  parameters,  the  scatter  in  the 
data  may  also  be  due  to  non-uniform  wind  or  averaging  problems  in  time- 
varying  wind.  The  effect  of  non-uniform  wind  is  greater  for  wide-body  air- 
craft than  for  narrow-body  aircraft  because  the  asymptotic  altitude  of  the 
vortex  pair  is  further  from  the  measurement  altitude  of  40  ft  for  wide-body 
aircraft.  Therefore,  the  difference  between  the  wind  at  the  asymptotic  alti- 
tude and  that  at  the  reference  altitude  may  be  greater  for  the  wide-body  air- 
craft. Since  the  reference  crosswind  is  a 128-sec  average,  the  average  wind 
over  the  vortex  residence  time  may  be  different  than  the  128-sec  average 
used  as  a reference.  This  problem  is  discussed  further  in  Section  4.3. 
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Minimum  weight  is  the  empty  weight  plus  one  hour  of  fuel 
for  the  smallest  model  of  the  type. 

Maximum  weight  is  the  maximum  certificated  landing  weight 
for  the  type. 


Table  9 

MINIMUM  AND  MAXIMUM  AIRCRAFT  WEIGHTS 
FOR  CALCULATING  EXTREMES  OF  VORTEX 
TRANSPORT  TIME 


Aircraft 

Type 

Minimufri 

Weight 

(lb) 

Maximum 

Weight** 

(lb) 

Fuel 

Consumption 

(gal/hr) 

B-747 

331,412 

630,000 

3367 

B-707 

127,942 

247,000 

1657 

B-727 

88,893 

154,500 

1277 

B-737 

65,056 

105,000 

901 

DC-10 

249,760 

403,000 

2210 

DC -9 

55,528 

110,000 

892 

DC-8 

145,576 

240,000 

1787 

L-1011 

254,440 

368,000 

2340 

In  summary,  the  reliability  of  the  calculated  vortex  residence  time 
has  been  shown  to  depend  to  a large  extent  on  the  reliability  of  the  input 
crosswind  at  the  vortex  asymptotic  altitude  and  the  accuracy  of  aircraft 
parameters.  The  variations  in  the  input  crosswind  parameters  may  be 
reduced  to  some  extent  by  using  the  closest  available  tower  to  the  runway 
and  by  using  a uniform  profile.  Under  the  restrictions  of  Federal  Aviation 
Regulations  (FAR)  Part  77  (Obstructions  to  Navigable  Airspace),  the  trade- 
off between  a tall  tower  (~  150  ft)  far  from  the  flight  path  and  a shorter  tower 
(~60  ft)  near  the  flight  path  favors  the  shorter  tower.  (The  glideslope  antenna 
may  be  an  excellent  location  for  wind  measurement  for  vortex  calculations.) 

Although  there  is  significant  scatter  in  the  data,  the  expected  variations 
bound  the  measured  data.  Hence,  even  though  variations  in  aircraft  param- 
eters and  meteorological  parameters  prohibit  calculation  of  transport  time 
on  a flyby -by -flyby  basis,  the  bounds  are  certainly  useful  for  defining  limits 
on  aircraft  separations. 

The  results  shown  in  Figs,  38  and  39  suggest  that  additional  accuracy 
in  the  input  crosswind  and  aircraft  parameters  could  yield  further  improve- 
ments in  the  reliability  of  the  calculated  vortex  residence  time.  Possible 
techniques  for  achieving  this  additional  reliability  may  include:  (1)  use  of 
initial  vortex  descent  velocity  to  infer  initial  vortex  strength  parameters; 

(2)  use  of  initial  vortex  lateral  velocity  to  infer  the  proper  crosswind  velocity: 
and  (3)  use  of  a remote  sensor  to  measure  the  crosswind  at  the  vortex  asymptotic 
altitude  as  opposed  to  a low  meteorological  tower  which  (because  of  clear  air- 
space restriction)  can  only  measure  winds  at  a low  altitude.  Sections  5.4  and 
5,5  discuss  methods  for  achieving  a greater  reliability  by  using  vortex  sensing 
as  a feedback  loop. 

4,1.2  Vortex  Characteristics  Affecting  the  Accuracy  of  Predicted  Vortex 
Residence  Time 

Because  aircraft  spacings  must  be  established  up  to  ten  minutes  before 
landing,  an  effective  wake  vortex  avoidance  system  must  be  able  to  predict 


vortex  behavior.  Therefore,  variation  of  vortex  parameters  with  time  of 
day  is  very  important.  Figures  41  and  42  show  the  variation  in  crosswind 
and  measured  residence  time  (ground  wind  anemometer)  with  time  of  day 
for  April  17,  1975.  It  is  observed  that  both  of  these  parameters  may  vary 
significantly  over  a short  period  of  time.  The  data  are  given  for  late  after- 
noon hours.  Figure  41  shows  a condition  which  is  expected  to  be  common. 

The  wind  shows  significant  variance  until  sundown,  after  which  the  variability 
of  the  wind  from  flyby  to  flyby  is  significantly  reduced.  The  late  afternoon 
time  period  is  a period  of  particular  concern  because  airport  demand  peaks 
in  the  late  afternoon  for  most  major  airports.  Of  particular  concern  is  the 
fact  that  the  wind  varies  from  values  for  which  the  vortex  is  of  no  concern 
( >9  ft/sec)  to  the  region  where  the  vortex  may  be  of  some  concern  over  a 
short  time  period.  Sections  5.2  and  5.3  discuss  a method  of  predicting  future 
behavior  with  time-varying  behavior  as  shown  in  Figs.  41  and  42. 


4.1.3  Apparent  Vortex  Decay 

The  apparent  vortex  decay  can  be  inferred  from  the  measured  vortex 
transport  characteristics.  The  term  "apparent  vortex  decay"  is  used  because 
i I relative  vortex  strength  is  inferred  from  the  transport  velocity  components, 
rather  than  from  direct  strength  measurements.  From  Eq.  (6),  as  Y becomes 
large  (vortices  separating  in  ground  effect). 


Y 


V 

00 


+ V 

— 47r  a 


Since  the  initial  vortex  descent  rate  is 

Z = - 

^o  47rY  ’ 

o 


(70) 
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the  asymptotic  value  of  Y in  ground  effect  is 


Y = V + Z 
00—0 


(72) 


For  baseline  1 (Z^  = 208  ft),  the  asymptotic  value  of  Y (relative  to  the  wind) 
in  ground  effect  is  approximately  the  magnitude  of  the  initial  descent  velocity 
for  a constant  vortex  strength.  Therefore,  a comparison  of  the  asymptotic 
value  of  Y with  the  magnitude  of  the  initial  descent  velocity  is  a measure  of 
the  decay  of  the  vortex  pair. 

For  the  comparison,  the  LDV  data  were  used  to  calculate  initial  descent 
rate  (from  slope  of  altitude  vs.  time  plot,  cf.  Fig.  23)  and  initial  crosswind 
(from  slope  of  lateral  position  vs.  time  plot,  cf.  Fig.  24).  Numbers  for  port 
and  starboard  vortices  were  averaged.  The  asymptotic  values  of  Y were 
taken  from  the  slope  of  the  ground  wind  anemometer  data  of  the  lateral  posi- 
tion vs.  time  plot,  (cf.  Fig.  24).  Good  vortex  tracks  from  the  LDV  and  the 
ground  wind  anemometer  were  necessary  to  generate  a comparison  point. 

For  the  ground  wind  anemometer  data,  if  Yj  and  Y2  are  the  port  and  star- 
board transport  velocities  taken  from  the  piot  (recalling  that  they  may  be 
either  positive  or  negative),  then 

Y = (Yj-Y2)/2  (73) 


is  the  asymptotic  value  of  Y relative  to  the  wind,  and  the  crosswind  is 


= (Yj  + Y2)/2.  (74) 

For  a constant  vortex  strength,  the  value  of  Y given  by  Eq. (73)  should 
be  approximately  equal  to  the  initial  vortex  descent  rate  (cf.  Eq.  (72)).  Figure 
43  shows  the  asymptotic  lateral  velocity  from  Eq.  (73)  as  a functiori  of  the 
average  (port  and  starboard)  initial  vortex  descent  rate.  Some  decay  is  noted. 
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except  for  the  B-727.  The  B-727  decay  is  clearly  less  than  that  for  other 
types.  It  is  noted  that  all  other  types  shown  have  wing-mounted  engines, 
although  this  fact  cannot  be  positively  identified  as  the  source  of  the  differ- 
ence. From  Eq.  (72),  it  should  be  expected  that  the  ratio,  Y/Z^,  shouid  be 
less  for  the  B-747  than  for  other  aircraft.  However,  this  does  not  occur. 

The  low  decay  rate  of  the  B-727  has  previously  been  documented. 
Reference  6 compares  the  decay  rate  of  the  B-747  with  the  B-727  based  on 
peak  recorded  tangential  velocity  (not  necessarily  an  indication  of  vortex 
strength)  measured  by  tower-mounted  anemometers.  The  empirically 
derived  peak  recorded  tangential  velocity  was 

Vq  = (336.4  ft/sec)  e (75) 

max 


for  the  B-747  and 

Vq  = (341.5  ft/sec)  (76) 

max 


for  the  B-727. 

Except  for  the  B-727,  the  asymptotic  lateral  veloctiy  is  less  than  80% 
of  the  initial  vortex  descent  rate.  This  has  important  implications  in  deter- 
mining the  value  of  crosswind  above  which  transport  time  is  less  than  a 
stated  value.  For  example,  for  a B-747  at  maximum  certificated  landing 
weight,  the  transport  time  is  less  than  60  sec  if  the  crosswind  is  less  than 
7.2  ft/sec  (Fig.  17).  However,  because  of  the  effect  shown  in  Fig.  43,  the 
transport  time  will  be  less  than  60  sec  if  the  crosswind  is  less  than  5.8  ft/ 
sec  (80%  of  7.2  ft/sec). 

A second  implication  of  decay  is  that  for  iight  crosswind  (i.e.,  the 
upwind  vortex  exits  from  the  upwind  flight  corridor  boundary),  it  is  not 
possible  to  assert  that  the  vortex  residence  time  is  less  than  a stated  value 
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based  on  vortex  transport.  For  example,  from  Fig.  13,  the  transport  time 
for  a B-747  at  maximum  landing  weight  is  less  than  60  sec  for  a crosswind 
of  less  than  2 ft/sec.  However,  if  the  vortex  decays,  the  transport  time  may 
be  much  greater  than  60  sec  for  a crosswind  of  2 ft/sec.  Therefore,  for  a 
fixed  aircraft  type  and  initial  vortex  altitude,  it  is  always  possible  to  find  a 
magnitude  of  crosswind  above  which  the  transport  time  is  less  than  some 
specified  value,  but  (because  of  decay)  it  is  never  possible  to  find  a magni- 
tude of  crosswind  below  which  the  transport  time  is  less  than  some  specified 
value. 


Figure  44  shows  a comparison  of  the  crosswind  measured  at  the  asymp- 
totic altitude  with  that  measured  at  the  initial  altitude.  It  should  be  remembered 
that  the  asymptotic  altitude  measurements  are  recorded  30-60  sec  after  the 
initial  altitude  measurements.  From  velocity  profile  considerations,  the  cross- 
wind  at  final  altitude  should  be  less  than  that  at  the  initial  altitude.  For  ex- 
ample, for  the  DC-8  and  B-707,  the  crosswind  at  the  final  altitude  should  be 
0.78  of  the  crosswind  at  the  initial  altitude  for  a power-law  exponent  of  0.2 
The  scatter  of  the  data  illustrates  that  the  calculation  of  vortex  transport 
time  on  the  basis  of  an  assumed  velocity  profile  is  not  appropriate.  Variations 
in  wind  due  to  unsteadiness  during  the  vortex  trajectory  are  much  greater  than 
variations  in  wind  due  to  a velocity  profile. 

The  data  shown  for  Figs.  43  and  44  also  illustrate  that  it  is  difficult  to 
calculate  the  entire  vortex  trajectory  from  the  initial  velocity  components  of 
the  vortex  trajectory.  In  theory,  if  the  vortex  remains  at  a constant  strength 
(or  decay  occurs  at  a predictable  rate)  and  the  wind  is  steady,  the  entire  vortex 
trajectory  can  be  calculated  from  the  initial  descent  rate  and  the  crosswind  at 
the  initial  altitude.  However,  the  unsteadiness  shown  in  Figs.  43  and  44  pre- 
clude accurate  calculation  of  the  vortex  trajectories  in  this  manner.  Section 
5.4  discusses  trajectory  prediction  from  initial  vortex  conditions  and  presents 
sample  plots  of  such  predictions. 
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FIGURE  44  INITIAL  AND  FINAL  CROSSWIND  INFERRED  FROM  VORTEX  TRANSPORT 


Probability  Distribution  of  Residence  Time 


Figure  5 shows  the  concept  of  the  probability  distribution  of  residence 
time.  Obviously,  the  distribution  function  of  residence  time  is  a strong  func- 
tion of  crosswind.  Figure  5 is  a strong  function  of  crosswind.  Figure  45 
shows  the  probability  distribution  of  residence  times  for  selected  ranges  of 
crosswind.  The  individual  points  are  the  probabilities  as  calculated  and 
plotted  by  the  DMS.  The  solid  lines  are  visually  fitted  smooth  curves  through 
the  data  points  plotted  by  the  DMS. 

Section  1.4.3  discussed  the  importance  of  the  "tail"  of  the  distribution 
function.  Figure  45  shows  that  such  a tail  exists,  but  the  small  quantity  of 
data  available  for  Fig.  45  precludes  accurate  quantitative  definition  of  the 
tails.  Several  thousand  flybys  would  be  necessary  for  such  definition. 

4.1.5  Multiple  Baseline  Considerations 

One  of  the  important  considerations  in  measurement  of  vortex  residence 
time  is  the  residence  time  at  several  baselines  for  the  same  flyby.  Figure  46 
shows  a plot  of  measured  residence  time  at  baseline  2 as  a function  of  resi- 
dence time  at  baseline  1.  Each  point  represents  one  flyby.  Baseline  2 is 
1500  ft  closer  to  the  runway  than  baseline  1.  Figure  46  shows  data  for  wide- 
body  aircraft.  The  data  for  narrow-body  aircraft  show  similar  scatter. 

The  scatter  in  the  data  is  not  surprising.  Figure  16  shows  that  signif- 
icant differences  in  vortex  transport  time  can  occur  between  baseline  1 (initial 
vortex  altitude  of  200  ft)  and  baseline  2 (initial  vortex  altitude  of  120  ft),  even 
for  identical  crosswinds  at  the  two  baselines.  In  addition,  the  crosswind  may 
be  different  at  the  two  baselines  (the  distance  between  the  two  baselines  is 
approximately  half  the  distance  between  the  two  towers  in  Fig.  31). 


129 


FIGURE  45.  PROBABIl 
FOR  MEASURED  VORT 
BASELINE  1 


0 


|v  I < 5 ft/sec 
00 


easured  Residence  Time  at  Baseline  2 (sec) 


FIGURE  46.  COMPARISON  OF  VORTEX  RESIDENCE  TIME  MEASURED 
AT  BASELINE  2 WITH  VORTEX  RESIDENCE  TIME  MEASURED  AT 
BASELINE  1 
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The  measured  vortex  trajectories  for  one  of  the  points  of  Fig.  46  are 
shown  in  Figs.  47  and  48.  The  residence  time  for  baseline  1 is  approximately 
120  sec,  and  that  for  baseline  2 is  31  sec.  Figures  46-48  show  that  a short 
residence  time  at  one  baseline  does  not  imply  a short  residence  time  at  all 
baselines. 

4.2  SITE  DEPENDENCY 

When  the  research  program  under  which  this  report  is  written  was 
conceived,  it  was  believed  that  the  wind  profile  was  a very  important  param- 
eter in  vortex  transport.  This  belief  was  support  by  calculations  performed 
with  the  vortex  transport  model  which  showed  significant  variations  in  the 
vortex  trajectory  with  variations  in  the  wind  profile  parameters.  The  refer- 
ence altitude  was  always  20  ft.  Because  of  the  apparent  dependency  of 
transport  time  on  wind  profile  parameters,  one  of  the  original  objectives  of 
the  program  was  to  determine  if  there  were  characteristic  values  of  wind 
profile  parameters.  Because  of  this  original  objective,  most  of  the  calculated 
meteorological  parameters  listed  in  Table  3 are  related  to  the  wind  profile 
or  to  atmospheric  stability,  which  is  an  indication  of  the  bluntness  of  the  wind 
profile.  It  was  believed  that  the  characteristic  values  of  such  parameters 
would  be  characteristic  for  a given  site,  but  would  vary  from  site  to  site. 

Section  2.2,2  showed  that  wind  profile  parameters  do  not  have  a signif- 
icant effect  on  vortex  transport  time  if  the  reference  altitude  is  chosen  as  the 
asymptotic  altitude  of  the  vortex  pair.  In  this  section,  it  is  shown  that  char- 
acteristic values  of  wind  profile  parameters  do  not  exist  for  averaging  periods 
relevant  to  vortex  behavior.  Thus,  this  section  shows  that  characteristic  values 
of  wind  profile  parameters  do  not  exist,  and  Section  2,2.2  shows  that  such  char- 
acteristic values  are  not  necessary.  However,  the  search  for  characteristic 
values  of  wind  profile  parameters  led  to  a discussion  of  short-term  meteorology 
as  discussed  in  Section  4.3. 

The  original  objective  of  obtaining  values  of  site -dependent  parameters 
was  to  obtain  characteristic  values  which  could  be  used  in  the  vortex  trans- 
port model.  No  such  parameters  were  found.  The  distribution  of  landing 
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weight  for  each  aircraft  type  may  be  an  airport-dependent  parameter,  but 
aircraft  weight  data  were  not  obtained  at  JFK.  There  are,  however,  two  very 
important  site -dependent  parameters  which  affect  the  usefulness  of  a WVAS. 
These  are  the  frequency  distributions  of  wind  and  runway  orientation.  These 
parameters  are  discussed  in  Sections  4.2.2  and  4.2.3. 

4.2.1  Wind  Profile  Considerations 

Geographical  considerations  can  affect  the  wind  profile  for  a given  site. 
Geographical  considerations  include  nearby  mountain  ranges  and  bodies  of 
water  which  may  influence  prevailing  winds,  turbulence  structure,  tempera- 
ture, humidity,  cloud  cover  and  seasonal  or  diurnal  variations  in  these  factors. 
The  latitude  of  the  airport  affects  the  strength  of  the  Coriolis  forces  which,  in 
turn,  influence  the  Ekman  spiral  in  the  planetary  boundary  layer.  The  latitude 
also  affects  the  insolation  intensity  which  affects  the  temperature  gradient  and, 
hence,  atmospheric  stability. 

Local  terrain  features  include  topography,  vegetation  and  buildings  and 
other  structures.  These  local  features  affect  the  shape  of  the  wind  profile 
and  conditions  of  turbulence,  and  introduce  directional  variations  in  these 
parameters.  Since  the  data  used  in  this  study  were  taken  from  one  site  only, 
conclusions  about  variations  in  wind  profile  parameters  from  site  to  site  was 
not  feasible. 

The  meteorological  parameters  which  define  the  wind  profile  are  power- 
law  exponent  and  logarithmic  profile  roughness  length  (for  a logarithmic  profile). 
The  distribution  of  power  exponent  and  logarithmic  profile  roughness  length  as 
a function  of  mean  wind  speed  is  shown  in  Figs.  49  and  50  for  tower  3.  The 
roughness  length  in  Fig.  50  is  ROUGH  1 in  Table  3.  A significant  variation  in 
the  wind  profile  characteristics  is  observed.  The  large  variation  in  values 
indicates  that  characteristic  values  do  not  exist. 

The  lack  of  a characteristic  value  is  due  to  the  short  averaging  times. 

In  meteorological  measurement,  averaging  periods  of  15  min  and  longer  are 
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used.  These  time  periods  are  much  too  long  to  have  any  relevance  to  vortex 
behavior.  Thus,  for  the  time  periods  of  relevance  to  vortex  behavior,  char- 
acteristic values  of  wind  profile  parameters  do  not  exist. 

4.2.2  Wind  Considerations 

The  frequency  distribution  of  the  crosswind  for  a given  airport  over  an 
extended  period  is  a characteristic  site-dependent  function.  The  crosswind 
distribution  obtained  for  runway  31R  at  JFK  during  1975  is  shown  in  Fig.  51. 
The  crosswind  measurements  were  made  over  a 128-sec  averaging  period 
subsequent  to  each  flyby,  the  flybys  occurring  intermittently  throughout  the 
year.  The  mean  and  the  standard  deviation  of  the  crosswind  velocity  ob- 
served for  the  approximately  800  flybys  for  which  crosswind  measurements 
were  available  were  -0.91  ft/sec  and  10.9  ft/sec,  respectively.  It  is  noted 
that  a negative  crosswind  velocity  and  a drift  of  the  wake  vortex  in  the  port 
direction  is  prevelant.  It  is  noted,  however,  that  the  data  contained  in  Fig,  51 
are  limited  to  times  for  which  data  were  taken  (usually  0800  to  1700)  when 
runway  31R  was  active.  It  does  not  imply  an  overall  frequency  distribution 
of  crosswind.  Also,  vortex  considerations  were  not  a factor  in  runway  selec- 
tion as  they  might  be  with  an  operational  WVAS.  The  variance  in  crosswind 
for  all  time  would  be  expected  to  be  greater  than  that  shown  in  Fig.  48  because 
one  of  the  factors  in  runway  selection  is  avoidance  of  large  crosswind. 

The  complete  frequency  distribution  of  prevailing  wind  is  a very  im- 
portant site -dependent  parameter.  Of  particular  importance  is  the  frequency 
distribution  of  wind  for  times  of  day  when  traffic  is  large  enough  to  require 
maximum  airport  capacity  and  when  turbulence  is  low  enough  to  permit  long 
vortex  life.  The  frequency  distribution  of  turbulence  in  peak  traffic  periods 
is  also  an  important  consideration. 

Of  equal  or  greater  importance  is  the  probability  of  wind  change  over 

a short  period  of  time  (1  to  10  min).  The  conditional  probability  distribution 

function  at  some  time,  t + At,  given  that  the  wind  at  time,  t , is  known  is 
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particularly  -nportant.  Unfortunately,  continuous  wind  measurements  were 
not  made  during  the  data  collection  phase  of  the  work  reported  herein,  and 
the  calculation  of  such  conditional  probabilities  is  not  feasible.  The  concept 
of  conditional  probabilities  of  wind  is  deserving  of  further  investigation.  The 
subject  of  wind  prediction  is  discussed  further  in  Section  5.2. 

4.2.3  Runway  Orientation 

One  of  the  most  in.portant  site-dependent  parameters  is  the  number 
and  orientation  of  available  runways.  Since  crosswind  is  an  important  param- 
eter in  the  determination  of  vortex  residence  time,  the  runway  orientation 
chosen  for  a particular  wind  is  an  important  controllable  parameter.  The 
concept  of  runway  selection  for  vortex  considerations  is  shown  in  Fig.  52. 
Kennedy  International  Airport  has  two  runway  orientations:  Runways  13-31 
and  Runways  4-22.  Using  the  criterion  of  the  vortex  advisory  system  (Ref.  3) 
that  vortex  residence  time  always  permits  3 n mi  aircraft  separations  if  the 
crosswind  exceeds  5.5  knots  (9.3  ft/sec).  Fig.  52  shows  the  magnitudes  of 
crosswind  for  Runways  4-22  and  Runway  13-31.  For  May  27,  1975,  Runway 
13-31  is  the  better  choice  (because  of  a lower  probability  of  crosswind  less 
than  9.3  ft/sec)  until  11:30.  After  11;30,  Runway  4-22  has  no  crosswind  less 
than  9.3  ft/sec  and  is  therefore  the  better  runway  from  consideration  of  vortex- 
imposed  constraints  on  aircraft  separations.  For  May  28,  1975,  neither  run- 
way would  permit  3-nautical-mile  separations.  Figure  53  shows  similar 
information  for  June  2 and  3,  1975.  For  June  2,  Runway  4-22  is  the  preferred 
runway  until  12:00,  after  which  neither  runway  can  be  approved  for  3 -nautical- 
mile  separations.  On  June  3,  Runway  4-22  is  clearly  the  preferred  runway 
from  consideration  of  vortex-imposed  constraints  on  aircraft  separations. 

From  the  examples  shown  in  Figs.  52  and  53,  it  is  clear  that  the  number 
of  runway  orientations  available  at  a specific  airport  and  their  orientation 
relative  to  prevailing  winds  are  very  important  site-dependent  parameters. 

A large  number  of  available  runway  orientations  implies  a larger  probability 
that  a runway  with  wind  favorable  to  short  residence  time  can  be  found. 
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4.3  SHORT-TERM  METEOROLOGY 


Sections  4.1  and  4.2  show  two  important  observations  related  to  wind: 

(1)  there  can  be  significant  differences  in  crosswind  over  distances  of  approx- 
imately 3000  ft;  and  (2)  an  analysis  of  the  parameters  which  define  the  wind 
speed  profile  failed  to  indicate  any  value  which  could  be  considered  to  be 
characteristic  of  the  location  at  which  the  data  were  taken.  It  is  noted  that 
the  atmosphere  has  mean  characteristics  with  random  perturbations  imposed 
upon  it  and  that  the  mean  characteristics  (i.e.,  characteristic  values  of  power- 
law  exponent  and  logarithmic  roughness  length)  are  obtained  by  averaging  over 
some  time  period.  From  the  observed  data  it  is  hypothesized  that  the  128- 
sec  averaging  time  is  too  short  for  the  generation  of  characteristic  values  of 
power-law  exponent  and  roughness  length  and  that  characteristic  values  would 
emerge  from  longer  averaging  time  (e.g.,  15  minutes). 

To  verify  that  the  variances  in  the  meteorological  measurements  were 
real,  comparisons  of  the  wind  speed  and  direction  recorded  by  the  meteor- 
ological towers  with  those  made  by  the  National  Weather  Service  tower  and 
those  reported  by  the  control  tower  were  made.  A sample  of  the  data,  shown 
in  Fig.  54,  indicates  that  the  TSC  meteorological  towers  were  in  general 
agreement  with  other  available  sensors.  These  results  demonstrated  that 
, the  large  variances  in  the  meteorological  measurements  were  a real  phenom- 

1 enon.  Possibly  they  may  be  attributed  to  the  relatively  short  sampling  period 

; {128  sec)  and  to  the  irregular  manner  in  which  the  measurements  were  made. 

I 

j The  measurements  were  not  made  continuously  or  at  fixed  time  intervals. 

Instead,  they  were  made  subsequent  to  airplane  flybys.  It  is  believed  that 
longer  averaging  periods  and  continuous  sampling  of  the  meteorological  meas- 
urements would  reduce  the  variances  in  the  meteorological  parameters.  For 
, example,  the  normal  variation  in  crosswind  and  downwind  with  time  is  illus- 

trated in  Fig.  55.  It  can  be  observed  that  averaging  periods  longer  than  128 
I seconds  would  tend  to  smooth  out  the  low  frequency  component  present  in  the 

signal. 
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If  longer  averaging  times  are  required  to  produce  a characteristic 
value  of  terrain-related  parameters,  such  characteristic  values  would  have 
little  meaning  in  the  vortex  context.  In  order  for  a meteorological  param- 
eter to  have  meaning  in  the  vortex  context,  it  must  have  a definite  value  over 
a period  of  time  approximating  the  life  time  of  the  vortex.  Therefore,  it  is 
hypothesized  that  the  concepts  of  a mathematically  definable  wind  profile  may 
have  little  meaning  for  the  short  time  periods  relevant  to  vortex  lifetime. 

The  conditions  which  cause  the  difference  in  the  crosswinds  measured 
by  two  towers  were  investigated.  As  expected,  the  difference  increases  as 
the  distance  between  the  towers  increases.  Figure  56  shows  a comparison 
in  wind  measured  by  tower  2 (located  approximately  800  ft  from  tower  1)  with 
those  measured  by  tower  1.  The  scatter  was  significantly  less  than  the  com- 
parison between  tower  3 and  tower  1 shown  in  Fig.  31, 

It  was  hypothesized  that  the  difference  in  measured  wind  between  towers 
might  be  related  to  the  standard  deviation  of  wind.  However,  no  such  relation- 
ship was  found.  Figure  57  shows  the  difference  in  winds  measured  by 
the  towers  as  a function  of  the  standard  deviation  of  wind  measured  by  tower  1. 
No  discernible  functional  relationship  exists.  Apparently  the  standard  devia- 
tion of  wind  at  a single  sensor  is  caused  by  a perturbation  of  shorter  frequency 
than  that  which  causes  the  difference  between  towers.  Figure  55  shows  both 
low-frequency  and  high-frequency  perturbations. 

Another  significant  topic  related  to  short-term  meteorology  is  the  effect 
of  averaging  time  on  the  calculated  values  of  average  wind.  Figure  55  suggests 
that  average  winds  resulting  from  an  averaging  period  of  30  sec  or  60  sec  could 
be  significantly  different  from  the  128-sec  average.  Figures  58  and  59  show 
sample  comparisons  of  short  period  averages  with  128-sec  averages.  It  is 
probable  that  some  of  the  scatter  in  Fig.  39  is  due  to  the  fact  that  the 
crosswind  is  a 128 -sec  average,  whereas  the  vortex  phenomenon  has  an  active 
life  of  less  than  60  sec. 
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Cross  wind  Measured  at  40-ft  Level  of  Tower  1 (ft/ sec) 

FIGURE  56.  COMPARISON  OF  CROSSWIND  MEASURED  BY  TOWER  2 
WITH  CROSSWIND  MEASURED  BY  TOWER  1 


Variance  in  Wind  (ft/sec) 


FIGURE  57.  DIFFERENCE  IN  CROSSWIND  MEASURED  AT  TOWER  3 
AND  CROSSWIND  MEASURED  AT  TOWER  1 AS  A FUNC 
TION  OF  VARIANCE  IN  CROSSWIND  AT  TOWER  1 


FIGURE  58.  COMPARISON  OF  30-SECOND  WIND  AVERAGE  WITH 
128-SECOND  WIND  AVERAGE  FOR  MAY  16,  1975 


149 


128-Second  Wind  Average  (ft/sec) 

FIGURE  59.  COMPARISON  OF  60-SECOND  WIND  AVERAGE  WITH 
128-SECOND  WIND  AVERAGE  FOR  MAY  16,  1975 


5 


It  is  noted  that  there  is  no  'a  priori"  best  averaging  time  for  wind.  The 
best  averaging  time  is  the  vortex  life  time.  Therefore,  the  use  of  a bO-sec 
averaging  period  would  give  no  better  results  than  those  given  in  Fig.  39  be- 
cause the  60-sec  averaging  time  would  not  be  appropriate  for  vortices  having 
life  times  of  ~ 30  sec  or  ~ 120  sec.  For  the  purposes  of  this  report,  the  long 
averaging  time  is  more  appropriate  than  a short  averaging  time  because  the 
primary  concern  is  vortices  with  long  life  time. 
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5.  VORTEX  PREDICTION  FROM  VORTEX  SENSING 


From  the  beginning  of  the  formulation  of  the  concept  of  wake  vortex 
avoidance  systems,  it  has  been  assumed  that  some  type  of  vortex  sensor 
would  provide  a feedback  loop  which  would  be  used  to  predict  future  vortex 
behavior.  However,  prior  to  this  report,  no  definitive  concept  of  how  such 
feedback  should  be  formulated  has  been  established.  The  previous  sections 
of  this  report  provide  a background  against  which  a feedback  formulation 
must  be  established.  In  particular,  the  uncertainties  associated  with  vortex 
behavior  have  been  established.  The  uncertainties  are  the  "noise"  of  the 
feedback  loop  and  are  extremely  important  in  the  formulation  of  a feedback 
loop.  This  section  defines  several  methods  for  vortex  prediction  using  vortex 
measurement  as  feedback  information. 

The  section  discusses  both  short-term  residence  time  prediction  and 
trajectory  prediction.  Short-term  residence  time  prediction  is  used  to  pre- 
dict vortex  residence  time  for  5 to  30  minutes  in  advance.  The  purpose 
of  such  prediction  is  the  establishment  of  appropriate  aircraft  longitudinal 
separations  at  the  time  at  which  such  separations  are  normally  established. 
Trajectory  prediction  is  the  prediction  of  the  entire  vortex  trajectory,  based 
upon  measurements  made  during  the  early  part  of  the  trajectory.  Its  purpose 
is  the  use  of  the  "tail"  of  the  probability  distribution  function  shown  in  Fig.  5. 

As  discussed  in  Section  1.4,  a significant  reduction  in  delay  can  be  achieved 
by  accepting  a very  small  probability  that  a vortex  will  not  clear  the  vortex 
corridor  during  the  time  interval  between  successive  aircraft.  A missed 
approach  or  other  evasive  maneuver  can  be  performed  in  the  very  few  cases 
in  which  such  a condition  occurs.  However,  such  a procedure  requires  an 
ability  to  predict  vortex  residence  time  soon  after  generating  aircraft  passage 
so  that  a following  aircraft  may  be  given  adequate  warning  if  a missed  approach 
or  other  evasive  maneuver  will  be  required.  Trajectory  prediction  provides 
that  capability. 
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The  primary  tool  of  short-term  prediction  and  trajectory  prediction  is 
Kalman  filtering.  Kalman  filtering  is  described  in  Refs.  35  and  36.  One  of 
the  advantages  of  Kalman  filtering  is  that  it  defines  the  variance  of  the  values 
of  predicted  parameters  as  well  as  expected  values  of  such  parameters.  The 
first  part  of  this  section  is  an  introduction  to  Kalman  filtering.  Section  5.2 
contains  a formulation  for  the  application  of  Kalman  filtering  to  short-term 
prediction  of  winds.  Vortex  transport  time  can  be  predicted  from  the  wind 
prediction.  Such  wind  prediction  is  also  applicable  to  the  Vortex  Advisory 
System  (VAS)  as  discussed  in  Section  1.4.3;  Section  5.3  contains  a formulation 
for  the  application  of  Kalman  filtering  to  short-term  prediction  of  residence 
time  using  direct  measurement  of  transport  time  and  life  time.  Section  5.4 
presents  trajectory  prediction  using  initial  measured  vortex  trajectory  param- 
eters. Section  5.5  presents  trajectory  prediction  using  Kalman  filtering. 

5.1  INTRODUCTION  TO  KALMAN  FILl  ERING 

The  basic  formulation  of  Kalman  filtering  is  presented  in  this  section. 
The  formulation  presented  in  Ref.  35  is  used.  Derivations  are  not  presented, 
and  the  reader  is  referred  to  Ref.  35  for  such  derivations. 

Kalman  filtering  for  a linear  multistage  process  consists  of  two  ele- 
ments. The  first  is  an  analytic  expression  which  relates  the  state  of  the 
system  at  the  (i+1)  stage  to  the  state  of  the  system  at  the  (i)  stage  with 
random  noise  being  introduced  into  the  system.  A set  of  measurements 
(the  second  element)  is  then  made  (with  noise  in  the  measurement),  and 
corrections  are  made  to  the  estimate  which  had  been  made  by  the  analytic 
express  ion. 

In  state  vector  nomenclature,  let  x.  be  the  vector  of  the  state  variables 
in  stage  i.  The  parameters  of  the  state  vector  are  described  probabilistically 
by  the  mean 

E(x^)  = X.  (77) 
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and  the  covariance  naatrix 


E |(x.  - X.)  (Xj  - = P.  (78) 

where  the  superscript  T denotes  the  transpose  of  the  vector.  The  analytic 
transition  equation  which  relates  state  (i+  1)  to  state  (i)  is 

^i+1  ■ ^ ^^i 

where  4'  is  the  state  transition  matrix  and  n is  the  matrix  which  relates  the 
forcing  vector  to  changes  in  the  state  vector.  The  random  forcing  vector,  cj, 
is  described  by  its  mean 


E(u)^)  = 


(80) 


and  covariance  matrix 


e|(u.  - u.)  (w.  - w.)’^]  = Q..  (81) 

The  forcing  vector,  u,  is  uncorrelated  with  the  state  vector,  x.  For  the  (i+  1) 
stage,  the  mean  value  of  the  state  vector  is 

x.^j  = 4>  Xj^  + (82) 

and  the  covariance  matrix  of  the  state  vector  is 

^i+1  = (83) 


Because  uncertainty  is  introduced  in  the  transition  from  state  (i)  to 
state  (i  + 1),  the  effect  of  the  uncertainty  in  in  a transition  of  the  type  of 
Eq.  (79)  is  to  increase  the  uncertainty  in  the  knowledge  of  the  stage 
Thus, 


P. 


(84) 
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Uncertainty  of  the  state  (i+l)  can  be  reduced  by  taking  measurements 
of  the  state  (i+1).  Let  z be  the  vector  of  measurements  to  be  made  and  let 
the  measurement  vector  be  related  to  the  state  vector  by 

z = Hx  + 1/  (85) 

where  j/  is  a vector  of  noise  in  the  measurements  with  mean 


E(i^  = 0 


(86) 


and  covariance  matrix 


E(i/V  ) = R. 


(87) 


After  measurement,  the  best  estimate  of  the  state  vector  of  state  (i+1)  is 


^i+1  = ^i+l  +K<^+1  - H^i+l)- 


(88) 


where 


K = 


(89) 


where  is  the  covariance  matrix  of  the  state  vector  after  measurement 

and  is  given  by 

P. 


i+1 


(M'^  + r"^  H)'^  = M - MH^  (HMH^  + R)"^  HM  , (90) 


where  the  subscript  on  M has  been  dropped  for  convenience.  Since  measure- 
ment always  decreases  uncertainty, 


Pi+1  ^ ^i+1 


(91) 
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state  (i+2)  is  similarly  calculated  from  state  (i+1).  The  process  may  be 
continued  beyond  the  stages  for  which  measurements  are  available  by  use  of 
Eqs.  (82)  and  (83).  Alternatively,  the  entire  set  of  equations  may  be  used  with 
R -♦uc,  which  implies  that  no  useful  information  may  be  obtained  from  meas- 
urements. The  process  is  termed  "filtering"  when  measurements  are  avail- 
able and  is  termed  "prediction"  when  the  state  vector  is  calculated  beyond  the 
highest  stage  at  which  measurements  are  available.  The  covariance  matrix 
of  the  state  vectors  increases  monotonically  during  prediction  because  no 
mechanism  for  decreasing  uncertainty  exists. 

The  square  root  of  the  eigenvalues  and  eigenvectors  of  p define  the 
axes  of  the  39%  likelihood  ellipsoid  with  the  center  at  x.  The  99%  likelihood 
ellipsoid  is  three  times  the  size  of  the  39%  ellipsoid  in  linear  dimension.  The 
99%  likelihood  ellipsoid  is  an  ellipsoid  over  the  components  of  the  state  vector, 
and  it  is  99%  probable  that  the  state  vector  is  contained  within  the  99%  ellipsoid. 

5.2  APPLICATION  OF  KALMAN  FILTERING  TO  WIND  PREDICTION 

The  application  of  Kalman  filtering  to  wind  prediction  is  now  presented. 
The  intent  is  the  use  of  measured  wind  to  forecast  the  probability  of  wind  in 
the  near  future.  By  forecasting  the  probability  function  of  wind,  the  prob- 
ability function  of  vortex  transport  time  can  be  predicted,  and  the  upper  and 
lower  limits  on  vortex  transport  time  can  be  forecast.  The  formulation  for 
wind  prediction  is  presented  first,  and  an  example  follows. 

Let  the  state  variables  be  the  characteristic  mean  values  of  headwind 
and  crosswind,  u and  v,  as  defined  in  Section  2.  For  the  measurement  of 

ijC 

Eq.  (85),  the  1-min  mean  wind  is  taken  as  the  measurement.  The  variation 
in  the  15 -min  mean  wind  is  used  as  the  forcing  function,  w.  This  choice  is 


¥ 

The  selection  of  certain  time  intervals  in  this  discussion  does  not  imply  that 
such  time  intervals  are  the  most  appropriate  for  an  operational  WVAS.  They 
are  used  to  establish  the  concept  of  Kalman  filtering  of  wind. 
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made  because  variations  in  the  15 -min  mean  wind  are  indicative  of  atmos- 
pheric changes  which  are  occurring  and  may  continue  into  the  future,  thus 
affecting  the  predicted  wind.  The  variations  in  the  1-min  means  are  inter- 
preted as  being  random  fluctuations  which  are  not  indicative  of  future  trends 
in  the  mean  wind.  Let  U and  V be  the  characteristic  mean  winds,  and  let  u 
and  V be  the  1-min  mean  winds.  The  sUte  transition  equation  is 


[1  = 

1 

0 

u' 

+ 

1 

0 

tJ 

0 

1 

V 

i 

0 

1 

L vj 

(92) 


For  stage  i,  15-min  averages  have  been  calculated  at  1-min  intervals 
for  the  previous  15  min.  Than,  u is  the  difference  in  15-min  averages  be- 
tween successive  1-min  time  intervals.  Thus.Ij^  and  are  the  means  of 
the  difference  in  15-min  averages  between  successive  1-min  time  intervals 
with  the  mean  (which  yields  and  being  taken  over  the  previous  15  time 
intervals.  Similarly,  Q is  the  covariance  matrix  of  the  difference  in  15-min 
averages  between  successive  1-min  time  intervals  with  the  covariance  being 
taken  over  the  previous  15  time  intervals.  The  measurement  equation  is 


u 

_ 

1 

0 

u 

+ 

*^0 

V 

0 

1 

V 

where 

e(i/I/T|  = R (94) 

is  the  covariance  matrix  and  is  the  covariance  of  the  1-min  means  measured 
over  the  previous  15  min. 

The  basic  data  for  an  example  are  shown  in  Table  10.  Since  continuous 
wind  data  were  not  available  for  the  JFK  tests,  the  wind  in  the  example  is 
taken  from  wind  measured  at  the  Wave  Propagation  Laboratory's  facility  at 
Table  Mountain,  Colorado,  on  March  12,  1976,  as  part  of  the  work  described 
in  Ref.  37.  Orthogonal  wind  components,  u and  v,  are  used.  The  last  two 
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Table  10 

WIND  DATA  FOR  EXAMPLE  OF  KALMAN 
FILTERING  OF  WIND 


15-min 

Mean 

Change  in  15-min 

1 -min 

Mean 

Ending  ^ 

at  t 

Mean 

Time,  t 

u 

V 

u 

V 

‘"u 

Uv 

(min) 

(ft/sec) 

(ft/ sec ) 

(ft/ sec) 

(ft/ sec ) 

(ft/ sec ) 

(ft/ sec ) 

0 

16.5 

16.417 

12.540 

-.240 

1 

16.3 

16.433 

12.280 

.026 

-.260 

2 

17.5 

16.533 

12.180 

.100 

-.100 

3 

16.1 

16.547 

12.093 

.014 

-.087 

4 

14.9 

11.2 

16.500 

1 1.920 

-.047 

-.173 

5 

15.8 

12.4 

16.520 

1 1.840 

.020 

-.080 

6 

16.6 

12.9 

16.593 

1 1.807 

.073 

-.033 

7 

15.3 

12.3 

16.573 

1 1.733 

-.020 

-.074 

8 

15.5 

12.3 

16.560 

1 1.680 

-.013 

-.053 

9 

15.6 

12.6 

16.553 

1 1.613 

-.007 

-.067 

10 

14.9 

12.1 

16.393 

1 1.640 

-.160 

.027 

11 

13.4 

12.4 

16.187 

1 1.793 

-.206 

.153 

12 

1 1.3 

11.7 

15.747 

11.907 

-.440 

.114 

13 

13.6 

12.8 

15.460 

12.067 

-.287 

.160 

14 

14.1 

11.6 

15.160 

12.107 

-.300  1 

.040 

15 

13.5 

12.7 

14.960 

12.213 

-.200 

.106 

16 

13.5 

11.5 

14.773 

12.273 

-.187 

.060 

17 

13.6 

11.0 

14.513 

12.153 

-.260 

-.120 

18 

12.3 

10.8 

14.260 

12.020 

-.253 

-.133 

19 

15.0 

12.4 

14.267 

12.100 

.006 

.080 

20 

14.1 

13.9 

14. 153 

12.200 

-.114 

.100 

21 

14.5 

11.5 

14.013 

12. 107 

-.140 

-.093 

22 

14.7 

12.2 

13.973 

12.100 

-.040 

-.007 

23 

14.6 

11.3 

13.913 

12.013 

-.060 

-.087 

59 
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columns  are  the  differences  in  15-min  means.  For  the  example,  an  estimate 
of  the  mean  characteristic  wind  at  t = 21  min  is  made.  From  Eqs.  (79)  and 
(85),^,  n.  and  H are  identity  matrices.  For  the  initiation  of  the  Kalman 
filtering  process,  the  characteristic  means  are  taken  as  the  15-min  mean, 
and  the  covariance  matrix  is  the  covariance  of  the  15-min  means  from  t = 6 
to  t = 20.  Therefore,  at  t = 20  min. 


l;|  ■ Cd 


ft/  sec 


and 


-0. 


845 

178 


-0.178 

0.048 


(ft/  sec) 


(95) 


(96) 


This  method  of  calculation  is  used  only  for  the  initiation  of  the  filtering.  In 
general,  the  measurement  noise  (i.e.,  random  perturbations  added  to  the 
niean  characteristic  values)  is  the  covariance  of  the  1-min  means  taken  over 
15  min.  Thus, 


R = 


1.740 

0.461 


0.461  2 

0.584  ■ 


(97) 


The  expected  value  and  covariance  of  the  forcing  vector, co  , is  taken  from  the 
change  in  the  15-min  means,  averaged  over  a 15-min  period.  Thus,  using 
the  changes  in  the  15-min  mean  from  t = 6 min  to  t = 20  min. 


E(a))  = 


-0.158 

0.024 


ft/  sec 


(98) 


and 


r 0.0191 
^ " [-0.0043 


-0.0043 

0.0088 


(ft/  sec) 


(99) 
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The  expected  value  and  covariance  of  the  characteristic  mean  winds  for  t=  21 
min  are  calculated  from  Eqs.  (82)  and  (83). 


and 


u 

[14.15 

-0.158] 

13.99 

V, 

[12.20 

+ 

0.024  = 

12.22 

ft/  sec 


(100) 


M = P + Q 


0.864  -0.182' 

-0.182  0.057 


(ft/ sec)^  , 


(101) 


This  estimate  is  before  measurement  is  used.  The  estimate  can  be  improved 
by  use  of  the  measurements  at  t = 21  min.  From  Eq.  (90), 


and 


P 


0.842 

-0.173 


-0.173 

0.053 


(ft/sec)^ 


(102) 


K = PH^R 


(0.711  -0.858 

-0,156  0.215 


(103) 


From  Eq.(88),  the  estimated  value  of  the  state  vector  after  measurement  is 


Ul  ri3.99|  0.711  -0.858]  0.51 

vi  ~ ll2.22j  ^ 1-0.156  0.215  -0.72 


14.97] 

11.98  f*^/sec. 


(104) 


For  the  estimated  value  of  the  state  vector  at  t=  22,  the  covariance  of 
the  measured  values  from  t=  7 min  to  t = 21  min  is  determined  to  be 


1.329  0.317]  ,,  , ,2 

(ft/sec) 

0.317  0.575] 


(105) 
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and  from  the  changes  in  the  15-min  mean  from  t = 7 min  to  t=  21  min  is 
determined  to  be 


and 


E[a)] 


-0.1338 

0.0211 


(ft/sec)  , 


(106) 


Q 


0.2700  o.oonl  ,2 

(ft/ sec)  . 

0.0017  O.OO95J 


(107) 


The  estimated  value  and  covariance  of  the  state  vector  at  t = 22  min  after 
measurement  are 


and 


[ul  [14.70 
[vj  ^ [12.04 


ft/  sec 


P 


0.442 

-0.076 


-0.076 

0.041 


(ft/ sec)^  . 


Similarly,  at  t=  23  min  after  measurement, 


and 


14.53 

12.06 


ft/  sec 


P 


[0.302 
-0.044 


-0.044 

0.040 


(ft/  sec)^. 


(108) 


(109) 


(110) 


(111). 


To  illustrate  prediction,  it  is  assumed  that  no  measurement  past  t=  23 
min  is  available.  The  estimated  value  and  covariance  before  measurement 
for  t=  24  min  is  given  by  Eqs.  (82)  and  (83) 


ful 

114.551 

ft/  sec 

Iv 

I2.00J 

(112) 
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and 


0.316  -0.047]  I 

-0.047  0.049 ' 


(113) 


For  the  measurement,  R -*  oo  , which  implies  an  infinite  noise  in  the  measure 
ment.  Therefore,  the  estimated  value  and  covariance  after  measurement  are 
identical  to  those  given  above  before  measurement,  and  P = M.  The  square 
root  of  the  eigenvalues  of  P and  the  corresponding  eigenvectors  are 


u 

1 1 

= 0.569 

ft/ sec , 

V 

L J 

- 

-0.170J 

U 

f 1 1 

= 0.203 

ft/ sec , 

V 

[5.899J 

ft/  sec 


ft/  sec 


(114) 


(115) 


The  square  root  of  the  eigenvalues  and  eigenvectors  define  the  39% 
likelihood  ellipse.  The  99%  likelihood  ellipse  (i.e.,  the  state  vector  is  known 
to  lie  within  the  99%  likelihood  ellipse  with  99%  certainty)  is  three  times  the 
size  of  the  39%  ellipse  in  linear  dimension.  The  99%  likelihood  ellipse  for 
the  1-min  prediction  is  shown  in  Fig.bO.  The  VAS  ellipse  (i.e.,  if  the  wind 
is  outside  the  ellipse,  vortex  residence  time  is  less  than  80  sec)  is  shown  for 
reference . 


To  get  the  99%  ellipse  of  the  1-min  mean,  the  R matrix  (covariance  matrix 
which  relates  uncertainty  of  the  1-min  mean  to  the  mean  characteristic  value) 
is  added  to  the  P matrix  (which  represents  uncertainty  in  the  mean  character- 
istic values),  f or  t = 9 to  23  min, 

ri.ll6  0.247]  2 

^ = lo.247  O.609J  (^V'sec)'^.  (II6) 
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Headwind,  U (ft/sec) 


FIGURE  60.  EXAMPLE  OF  PREDICTION  OF  MEAN  WIND  BASED 
ON  KALMAN  FILTERING 
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and  since  P = M, 


P+  R = {^-^^2.  0.2001 

0.200  0.658] 


The  eigenvalues  and  corresponding  eigenvectors  of  P + R are 

= 1.217  ft/sec,  [^]  = [ 2.43]  it/sec  (118 

# = -781  ft/sec,  [^]  = [.4  11]  ft/sec  (119 

The  99%  likelihood  ellipse  for  the  1-min  prediction  of  the  1-min  mean  wind  is 
shown  in  Fig.  6 1 . 

Repetitive  use  of  Eqs.  (82)  and  (83)  gives  further  predictions.  At  t=  28 
min,  the  estimated  value  and  covariance  matrix  are 


1:1  • 1“:; 

r 0.372  -0.0591 

(-0.059 


059  0.0871  • 


The  value  of  the  R matrix  in  Eq.  (II6)  is  retained  since  no  newer  data  are 
available.  The  99%  likelihood  ellipse  for  the  mean  characteristic  values, 
U and  V,  is  shown  in  Fig.  60,  and  the  99%  likelihood  ellipse  for  the  1-min 
means,  u and  v,  is  shown  in  Fig.  6I. 

For  t=  38  min  (15-min  prediction). 


1:1  ■ K::;i 

= ( 0-513  -0.0741 

1-0.074  O.I81J 


The  99%  likelihood  ellipse  is  shown  in  Figs.  60  and  61. 


0 


Headwind,  u (ft/sec) 


FIGURE  6 1.  EXAMPLE  OF  PREDICTION  OF  l-MIN  MEAN  WIND 
BASED  ON  KALMAN  FILTERING 


For  comparison,  the  actual  values  taken  from  the  data  from  which  the 
example  was  taken  are  shown  in  Table  11.  The  predicted  results  agree  well 
with  the  actual  measurements. 

Table  11 

MEASURED  MEAN  WINDS  FOR  WIND  PREDICTION  EXAMPLE 


Time 

15-min  Mean 

1 -min  Mean 

u 

V 

u 

V 

(min) 

(ft/  sec) 

(ft/  sec) 

(ft/  sec) 

(ft/  sec) 

24 

13.5 

28 

■m 

■m 

msM 

11.1 

38 

14.10 

13. 1 

12.1 

5.3  PREDICTION  OI  ''ORTEX  PARAMETERS  FROM  VORTEX 
MEASUREMENT 

While  the  prediction  of  the  expected  value  and  covariance  of  wind  can 
be  valuable  for  vortex  transport  time,  it  is  not  as  valuable  as  the  use  of  direct 
vortex  measurements.  Section  4 has  shown  that  many  factors  in  addition  to 
wind  affect  vortex  transport  time.  The  concept  developed  above  can  be  directly 
applied  to  measured  vortex  parameters. 

The  state  variables  are  taken  as  the  characteristic  mean  values  of 
vortex  life  time,  T^  , and  vortex  residence  time,  T^.  The  measured  param- 

J-j  i\ 

eters  are  vortex  life  time,  t.  , and  vortex  residence  time  t . The  state 

■L/  K 

variable  transition  equation  is 


Tr' 

1 0 

'Tr 

+ 

At 

0 

^R 

i+1 

0 1 

0 

At 

i 

The  factor,  At,  which  is  the  time  interval  between  successive  updatings  of 
the  transition  equation  and/or  making  of  measurements,  is  used  in  the  w 
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matrix  because  it  is  assumed  that  the  magnitude  of  any  atmospheric  varia- 
tion which  affects  the  characteristic  mean  values  is  proportional  to  elapsed 
time  and  updating  of  the  transition  equation  and/or  measurements  do  not 
occur  at  regular  intervals.  At  each  measurement,  the  average  of  the  resi- 
dence time  and  life  time  over  the  previous  30-min  time  interval  is  calculated. 
The  difference  between  the  current  average  and  the  previous  average  is  then 
calculated  and  retained.  OJ  is  the  difference  between  the  current  average  and 
the  previous  average  divided  by  the  elapsed  time  between  the  calculation  of 
the  two  averages.  E(a))  and  Q are  calculated  from  the  values  of  O)  calculated 
over  the  previous  30  minutes. 

The  measurement  equation  is 


(125) 


T 

and  R = E ] is  the  covariance  of  the  measurements  made  over  the  previous 
30  min. 


The  filtering  and  prediction  are  conducted  in  a manner  similar  to  that 
shown  for  wind.  The  result  of  the  prediction  is  an  expected  value  and  a likeli- 
hood ellipse  for  the  predicted  time.  If  the  99%  likelihood  ellipse  lies  entirely 
within  a region  in  which  either  residence  time  or  life  time  is  less  than  the 
separation  time  of  aircraft,  there  is  no  vortex  hazard.  If  a part  of  the  99% 
likelihood  ellipse  lies  within  a region  for  which  residence  time  is  greater  than 
the  separation  time  of  aircraft,  a potential  h .zard  exists. 

The  data  for  the  example  are  shown  in  Table  12  and  are  taken  from  a 
reco.'d  of  residence  time  and  life  time  as  measured  by  the  LDV  at  JFK  on 
March  21,  1975.  If  the  upwind  vortex  dies  in  the  vortex  corridor,  the  resi- 
dence time  IS  set  equal  to  the  life  time.  The  example  begins  at  14:59:00  with 
• n estimate  to  be  made  for  15:04:20.  To  initiate  the  example,  the  30-min 
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Table  12 

VORTEX  RESIDENCE  TIME  AND  LIFE  TIME  DATA  FOR  EXAMPLE  OF  , 

VORTEX  PREDICTION 


Measured  Value 

Average 

Previous 

Over 

30  min 

Random  Forcing 

F unction 

(Hr: 

T in- 
Min 

e 

: Sec) 

Aircraft 

Type 

Residence 
Time,  tp 
(sec) 

Life 

Time,  t. 
(sec) 

Residence 
Time,  Tp 
(sec) 

Life 

Time,  Tj^ 
(sec) 

'j.- 

R 

(sec/ min) 

tu 

L 

(sec/ min) 

14 

05 

04 

DC-8 

59 

64 

14 

08 

18 

DC-10 

65 

65 

_ 

14 

15 

05 

B-727 

4 5 

56 

14 

16 

58 

B-727 

23 

23 

... 

_ 

14 

22 

07 

B-747 

86 

86 

_ 

— 

_ 

14 

25 

54 

DC-8 

60 

60 

_ 

... 

_ 

14 

27 

48 

DC-8 

49 

49 

52.1 

57.6 

14 

29 

12 

DC-8 

36 

36 

50.1 

54.9 

-1.429 

-1.929 

14 

31 

18 

B-727 

44 

44 

49.4 

53.7 

-0.333 

- .571 

14 

33 

14 

Lear 

33 

33 

50.0 

51.6 

0.310 

-1.086 

14 

35 

08 

B-727 

30 

45 

47.1 

47.7 

-1.526 

- 1.000 

14 

36 

06 

B-707 

28 

35 

45.4 

48.4 

-1.759 

-1.345 

14 

40 

50 

DC-8 

40 

40 

43.1 

46.1 

-0.486 

-0.486 

14 

41 

59 

DC-IO 

82 

82 

46.3 

49.1 

2.78  3 

0.609 

14 

44 

06 

DC-8 

82 

82 

46.8 

49.3 

0.236 

0,094 

14 

49 

07 

B-747 

86 

86 

52.2 

54.0 

1.076 

0.937 

14 

51 

43 

B-747 

60 

69 

5 2.8 

55.2 

0.231 

0.462 

14 

57 

07 

B-747 

40 

64 

48.3 

52.9 

-0.833 

-0.426 

14 

59 

00 

B-747 

21 

38 

46.0 

52.1 

-1.221 

-0.425 

15 

04 

20 

B-707 

50 

50 

48.9 

56.1 

0.544 

0.750 

averages  calculated  over  the  30-min  period  ending  at  14;59;00  are 
Thus,  initially 


and 


sec 


P 


17.572 

16.740 


6.7401  2 

sec 

7.600 


From  the  values  of:0j^  and  from  14:29:12  through  14:59:00, 


and 


E(a;) 


r-.246 

[-.264 


sec/ min 


1.532  1.2691  , / . ,2 

(sec/min)  . 

1.269  1.3091 


From  the  measurements  from  14:29:12  through  14:59:00, 


389.8  322.4]  2 

I sec 

322.4  320. 7j 


Using  Eqs.  (82)  and  (83)  for  At  = 5.33  min,  the  estimated  residence 
life  time  at  15:04:20  before  measurement  are 


44.69 

50.69 


sec 


with  covariance  matrix 


M 


51.15 

42.84 


42.84 

44.83 


sec 


2 
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used. 

(126) 


(127) 


(128) 


(129) 


(130) 

time  and 


(131) 


(132) 


Using  Eqs.  (88)  through  (90),  after  measurement 


and 


[45.42  37.991  2 

sec 

37.99  39.45. 


(134) 


Vortex  residence  time  and  life  time  may  also  be  predicted.  From  the 
measurements  from  14:35:08  through  15:04:20, 


433.7  331.9] 

,331.9  300.3 


(135) 


From  the  values  of  to  from  14:35:08  through  15:04:20, 


and 


E(uu) 


-.096 

.117 


sec/ min 


Q 


1.706 

.1.392 


1.392 

1.174 


2 

sec  . 


For  the  5-min  prediction,  At=  5 min.  From  Eq.  (82) 


44.78 

51.04 


sec 


and  from  Eq.  (8  3) 


188.07  72.79  2 

sec  . 

.72.79  68.80 


(136) 


(137) 


(138) 


(139) 
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As  shown  for  wind  prediction,  the  99%  ellipse  for  residence  time  and 
life  time  is  given  from  the  eigenvectors  and  square  root  of  the  eigenvalues 
for  R + P.  The  eigenvalues  and  eigenvectors  of  R + P are  for  (for  the  5 min 
prediction) 


29.28  sec 


= 5.80  sec, 


^ I 
_ f 

T^J  - 1-1.206J 


The  99%  ellipse  is  shown  in  Fig.  62. 


For  the  15-min  prediction,  At  = 15  min.  Then 


43.82 

52.20 


and  the  eigenvalues  and  eigenvectors  of  R + P are 


^ = 37.80  sec,  ^ 


= 6.18  sec , 


1 

-1.207 


The  99%  ellipses  are  relatively  large  because  of  the  large  variance  in 
measured  residence  time  and  measured  life  time  as  shown  in  Table  11.  The 
example  was  deliberately  chosen  to  illustrate  vortex  prediction  with  signif- 
icant variance  in  measured  values  of  vortex  parameters.  Most  of  the  un- 
certainty represented  by  the  ellipses  is  due  to  the  variance  in  measured 
vortex  parameters.  The  99%  ellipses  would  be  much  smaller  if  the  variance 
in  the  measured  values  of  residence  time  and  life  time  were  smaller  (as 
would  be  expected  on  many  days). 


172 


Vortex  Life  Time,  t»  (sec) 


FIGURE  62.  PREDICTED  VORTEX  PARAMETERS  FROM  MEASURED 
PARAMETERS 
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The  purpose  of  the  example  Ls  the  illustration  of  the  concept  of  vortex 
prediction  by  Kalman  filtering.  It  should  be  construed  as  a promising  tech- 
nique for  vortex  prediction  in  an  operational  WVAS,  but  also  as  a technique 
which  will  require  further  study  and  refinement. 

For  example,  measurement  of  residence  time  alone  may  give  informa- 
tion as  useful  as  measurement  of  residence  time  and  life  time.  The  ellipses 
in  Fig.  60  show  the  possibility  of  conditions  which  are  obviously  impossible. 
For  example,  the  ellipses  extend  into  the  region  where  residence  time  and 
life  time  are  negative.  Also,  the  ellipses  show  that  residence  time  may  be 
greater  than  life  time,  which  is  impossible.  The  technique  of  vortex  pre- 
diction by  Kalman  filtering  is  very  promising,  but  will  require  further  study 
and  refinement. 

The  vortex  measurement  instruments  appropriate  for  this  type  of  pre- 
diction are  instruments  which  can  measure  both  residence  time  and  life  time. 
Life  time  must  be  measured,  even  if  the  vortex  is  transported  far  from  the 
vortex  corridor.  For  this  reason,  the  ground  wind  anemometer  system  is 
probably  the  most  appropriate  measurement  system.  It  is  possible  that 
residence  time  could  not  be  measured  accurately  because  the  vortex  is  trans- 
ported out  of  the  vortex  corridor  before  it  descends  to  the  ground.  This  causes 
no  problem  since  the  conservative  approach  would  be  to  label  the  first  time 
that  the  vortex  is  detected  as  the  residence  time.  If  no  vortex  is  detected 
after  aircraft  passage,  the  system  defaults  to  an  appropriate  short  life  time. 

The  purpose  of  this  prediction  technique  is  to  provide  short-term  resi- 
dence time  prediction  for  the  purpose  of  specifying  appropriate  aircraft  spac- 
ings.  This  technique  does  not  provide  trajectory  prediction  which  is  the 
prediction  of  the  entire  vortex  trajectory,  based  upon  measurements  made  in 
the  early  part  of  the  trajectory.  Trajectory  prediction  is  discussed  next. 

5.4  TRAJECTORY  PREDICTION  FROM  VORTEX  INITIAL  CONDITIONS 

The  simplest  method  of  vortex  prediction  is  calculation  of  the  vortex 
trajectory  based  on  measured  values  of  the  initial  vortex  position  and  initial 
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velocities.  Examples  of  vortex  trajectories  (calculated  from  Eqs.  (5)  and  (6)) 
are  shown  in  Figs.  63,  64  and  65.  The  initial  altitude  and  descent  rate  were 
obtained  from  the  measured  altitude  versus  time  plot  (cf.  Fig.  23).  The 
initial  lateral  position  was  assumed  to  be  the  theoretical  vortex  separation 
(for  elliptic  loading)  for  the  aircraft  type,  and  the  initial  value  of  the  slope 
of  the  lateral  position-ver sus-time  curve  was  assumed  to  be  the  wind. 

The  agreement  between  calculated  and  measured  vortex  tracks  was 
much  better  when  the  initial  values  of  the  parameters  were  taken  from  the 
measured  trajectories  than  when  assumed  initial  conditions  were  used  (cf. 

Fig.  24).  One  reason  for  this  was  the  fact  that  the  vortex  sheet  from  the 
wing  descends  in  the  downwash  as  it  rolls  up  into  the  vortex.  Thus,  the 
initial  altitude  of  the  rolled-up  vortex  pair  is  less  than  the  aircraft  altitude. 
Although  good  agreement  between  calculated  and  measured  trajectories  was 
observed  in  general,  Figs. 63,  64,  and  65  show  that  the  calculated  trajectory 
can  differ  significantly  from  the  measured  trajectory.  The  reasons  for  this 
are  vortex  decay,  wind  change,  or  both  vortex  decay  and  wind  change.  Figure 
63  shows  the  effect  of  decay.  Decay  is  indicated  because  both  of  the  measured 
trajectories  move  inboard  of  the  calculated  trajectories.  Figure  64  shows 
the  effect  of  a change  in  crosswind.  Such  a change  is  indicated  by  the  fact 
that  both  vortices  move  to  the  left  of  the  calculated  trajectories,  indicating 
an  increase  in  the  magnitude  of  crosswind.  In  this  case,  the  measured  vortex 
transport  time  is  less  than  that  indicated  by  the  calculated  trajectory,  but  the 
vortex  exits  from  the  opposite  flight  corridor  boundary  than  that  indicated  by 
the  calculated  trajectory.  Some  decay  is  also  present  in  Fig. 64. 

Figure  65  shows  a combination  of  decay  and  crosswind  change.  The 
figure  shows  that  the  actual  residence  time  can  be  significantly  greater  than 
that  calculated  from  the  calculated  trajectory  initialized  by  measured  values 
of  the  parameters.  For  comparison,  Figs. 66  and  67  show  the  same  data  as 


The  creation  of  these  plots  is  a good  example  of  the  use  of  the  DMS.  The 
creation  of  these  plots  is  described  in  Appendix  E. 
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FLYir  NO  909. 
IHO 


DAY  190.  TMC  IT  H.HS 


AIRCRAFT  TYFC 


LIAM  8ASELIIC  OISTANCC 


0.  FT  C HIM)  3.70 


Displacement  from  Runway  Centerline  (ft) 

FIGURE  63.  EXAMPLE  OF  VORTEX  TRAJECTORY  CALCULATED 
FROM  MEASURED  INITIAL  VALUES  OF  VORTEX  PARAMETERS  - 
FLYBY  505 
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Time  After  Aircraft  Passage 


FIGURE  64.  EXAMPLE  OF  VORTEX  TRAJECTORY  CALCULATED 
FROM  MEASURED  INITIAL  VALUES  OF  VORTEX  PARAMETERS - 
FLYBY  473 


Time  After  Aircraft  Passage  (sec) 


rtVIY  NO  HM.  DAY  I30.  TINE  10  CO.OO  AtNCRATT  TYPE  B7YT  BASELINE  DISTANCE  0.  FT  C HIM)' 


Displacement  from  Runway  Centerline  (ft) 

FIGURE  65.  EXAMPLE  OF  VORTEX  TRAJECTORY  CALCULATED 
FROM  MEASURED  INITIAL  VALUES  OF  VORTEX  PARAMETERS  - 
FLYBY  489 
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Time  After  Aircraft  Passage  (sec) 


FIGURE  66.  EXAMPLE  OF  VORTEX  TRAJECTORY  CALCULATED 
FROM  MEASURED  INITIAL  VALUES  OF  VORTEX  PARAMETERS 
WITH  ASSUMED  VORTEX  DECAY  - FLYBY  505 
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Time 


Ctis  TlyBY  NO  «*89.  DAY  13B.  Ti»C  16  a9.06  AIRCflAFT  TVPC  87H7  BASEL  IIC  OISTANCC 

IHO . 


0.  n c Hi»o* 


>60C  >660  -««00 


MM  500 


Displacement  from  Runway  Centerline  (ft) 


FIGURE  67.  EXAMPLE  OF  VORTEX  TRAJECTORY  CALCULATED 
FROM  MEASURED  INITIAL  VALUES  OF  VORTEX  PARAMETERS 
WITH  ASSUMED  VORTEX  DECAY  - FLYBY  489 
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Figs.  63  and  65,  but  with  a constant  vortex  decay  rate  of  1%  of  current  vortex 
strength  per  second.  This  gives  an  exponential  decay. 


While  agreement  between  calculated  and  measured  vortex  trajectories  is 
good  when  an  assumed  decay  rate  is  used,  it  is  recognized  that  decay  rates  and 
wind  changes  are  random.  Kalman  filtering  would  allow  continuous  updating  of 
the  calculated  trajectory  to  modify  the  calculated  trajectory  according  to  changing 
crosswind  and  decay  rates  as  well  as  providing  likelihood  ellipsoids  of  the  calcu- 
lated results.  Vortex  prediction  by  Kalman  filtering  is  discussed  next. 

5.5  TRAJECTORY  PREDICTION  AND  TRANSPORT  TIME  PREDICTION 
WITH  KALMAN  FILTERING 

In  this  section,  two  formulations  of  trajectory  prediction  with  Kalman 
filtering  are  presented.  The  first  is  the  prediction  of  the  remaining  part  of 
the  vortex  trajectory  based  upon  measurements  made  in  the  early  part  of  the 
trajectory.  The  second  formulation  is  the  prediction  of  vortex  transport  time 
based  upon  measurements  made  in  the  early  part  of  the  trajectory. 

For  a nonlinear  system,  the  formulation  of  the  Kalman  filtering  problem 
is  altered  slightly.  The  nonlinear  functions  are  assumed  to  occur  in  the  trans- 
ition equation  (Ref.  35) 

Xi^l  - f(x.)  +Qa)i  (145) 

and  in  the  measurement  equation 

"^i+1  ^ 

where  f(x. ) and  h(x.  , , ) are  nonlinear  functions.  For  the  state  transition,  the 
' 1 i+l 

expected  value  of  the  state  vector  is 

^i+1  ""  ^ • (147) 
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F 


and  the  covariance  matrix  is 


M. 


P 

ax.  1 ^ax.  j 


+ f2  . 


i+i  ax. 

1 

After  measurement,  the  estimated  value  of  the  state  vector  is 


*i+l  =*i+l 


where 


K = ^i+l 


The  covariance  matrix  is 


Pit!  = «1+1  - “i+1 


5.5.1  Trajectory  Prediction 

For  trajectory  prediction,  the  five  state  variables  are: 

Z = Vortex  altitude, 

Y j = Port  vortex  lateral  position, 

Y2  = Starboard  vortex  lateral  position, 
r = Vortex  strength,  and 

V = Crosswind. 

00 

For  convenience,  let 


B(Yi.Y2.Z)=  ^ 


Yz- 


(2Z)S  (Y2-Yi)^ 
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(148) 


(149) 


(150) 


(151) 


(152) 
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The  state  transition  equations  (omitting  the  i and  i+1  subscripts)  are 
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where  OJp  and  are  1 •miom  variables  which  represent  random  changes  per 

unit  time  in  r and  V . The  measured  parameters  were  chosen  to  correspond 
00 

to  those  available  for  the  JFK  tests.  One  LDV  system  and  one  ground  wind 
anemometer  system  are  assumed.  The  measurement  equations  are 
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Z is  vortex  attitude,  and  Y is  vortex  lateral  position.  A 1 subscript  refers 
to  the  port  vortex,  and  a 2 subscript  refers  to  the  starboard  vortex.  The 
L subscript  refers  to  a measurement  made  by  the  LDV , and  a G subscript 
refers  to  a measurement  made  by  the  ground  wind  anemometer  system. 

The  V values  refer  to  the  measurement  noise.  The  elements  of  the  noise 
vector  are  assumed  to  be  uncorrelated,  so  the  R matrix  is  a diagonal  matrix. 
In  particular. 


and 
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This  assures  that  Z measurements  are  not  used  to  determine  vortex 
strength  when  the  vortices  are  widely  separated.  The  measured  values  of 
Y and  Z are  taken  as  differences  in  measured  vaiues  of  Y and  Z divided  by 
the  elapsed  time  between  the  measurements.  The  technique  requires  some 
knowledge  of  vortex  behavior  and  vortex  measurement  in  order  to  place 
realistic  values  on  the  expected  values  of  w^and  and  on  the  covariances 
of  ^ the  elements  of  the  V matrix. 

This  technique  has  an  inherent  disadvantage.  Although  expected  values 
and  likelihood  ellipsoids  can  be  drawn  for  vortex  position,  conversion  of  the 
likelihood  ellipsoids  for  transport  time  is  not  easy.  Hence,  the  development 
of  this  technique  is  not  pursued  further,  and  a more  appropriate  technique 
is  introduced. 

5.5.2  Transport  Time  Prediction 

For  this  formulation,  it  is  desired  to  predict  transport  time,  rather 
than  predict  the  vortex  trajectory.  The  formulation  for  the  transport  time 
calculation  presented  in  Section  2.1  is  used.  The  transport  time  is  calcu- 
lated for  the  value  of  Y for  which 
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Let  Y be  the  solution  of  the  above  equation.  Assume  that  the  solution,  Y , 
s s 

Is  known  from  the  initial  parameters  of  the  vortex  trajectory.  If  C,  F,  and 
vary  during  the  trajectory,  the  corresponding  change  in  Y^  is  known  by 


AF(Y)  = AY 


s ^ ac 


(174) 


since 


F(Y)  is  a constant.  From  Eq.  (13), 
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The  state  variables  for  the  Kalman  filtering  are  Y , C,  D,  F,  V and  Y^.  The 

s oo  ^3 

parameter,  Y^^,  is  the  distance  of  the  origin  of  the  wind-fixed  coordinate  system 
(cf.  Section  2.1)  from  the  origin  of  the  ground-fixed  coordinate  system: 
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or 
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There  are  six  linear  transition  equations.  The  first  is  a result  of  Eq.  (174) 
All  of  the  state  variables,  except  Y^^,  are  nominally  constant  and  are  changed 
by  the  random  forcing  vector  only.  The  transition  equations  are 
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For  measurement,  it  is  desirable  to  be  able  to  gain  useful  information 
even  if  only  one  vortex  can  be  detected.  Therefore,  let 


Y2-Y,  = 2(Y2-Yd)  = -2<Y,  Y^I 


Then  Eqs.(l52)  and  (153)  are  redefined  as 
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The  measurements  made  are  the  same  as  those  described  for  trajectory 
prediction.  The  form  in  which  the  measured  parameters  are  used  is  slightly 
different.  The  measurement  equations  are 
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As  described  previously  for  trajectory  prediction, 
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The  elements  of  the  i/  matrix  are  uncorrelated,  so  R is  a diagonal  matrix. 
If,  at  a given  time  of  measurement,  certain  measurements  are  unavailable, 
the  variance  of  V for  that  element  of  v is  made  infinite  in  the  R matrix. 


The  use  of  the  above  formulation  with  Kalman  filtering  will  provide 
continuous  updates  of  predicted  vortex  transport  time  and  likelihood  ellipsoids 
of  vortex  transport  time  during  the  life  of  the  vortex.  The  purpose  of  the  pre- 
diction is  to  allow  early  detection  of  vortices  which  may  not  clear  the  vortex 
corridor  during  the  separation  time  between  successive  aircraft.  It  is  assumed 
that  the  airport  is  operated  in  such  a manner  that  a very  small  probability 
that  the  vortex  will  not  clear  the  vortex  corridor  during  the  separation  time 
is  acceptable. 

5.5.3  Vortex  Sensing  for  Trajectory  Prediction  and  Transport  Time 
Prediction 

The  vortex  sensing  requirements  for  trajectory  prediction  and  transport 
time  prediction  differ  significantly  from  those  discussed  earlier  for  short- 
term prediction  of  life  time  and  residence  time.  For  trajectory  prediction 
and  transport  prediction,  a sensor  which  can  sense  both  vortex  altitude  and 
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lateral  position  as  a function  of  time  is  required.  The  LDV  and  some  acoustic 
sensors  are  appropriate  for  this  role.  The  ground  wind  anemometer  has  three 
very  serious  limitations  in  this  role.  First,  it  cannot  be  used  to  improve  the 
estimate  of  vortex  strength  based  on  measurements  until  the  vortices  are  close 
to  the  ground.  Second,  since  vortices  cannot  be  easily  detected  by  the  ground 
wind  anemometers  when  the  vortices  are  far  from  the  ground,  the  estimate  of 
crosswind  cannot  be  improved  by  measurement  until  the  vortices  are  close  to 
the  ground.  Third,  the  resolution  of  the  ground  wind  anemometer  system  (par- 
ticularly, for  the  horizontal  velocity  of  the  vortex)  may  not  be  adequate.  Early 
estimates  of  vortex  strength  and  crosswind  are  imperative  for  accurate  pre- 
diction. 

Some  of  the  ambiguity  of  vortex  strength  could  be  resolved  by  use  of  a 
device  which  measure's  vortex  strength  (e.g.,  the  monostatic  acoustic  vortex 
sensor)  or  by  inferring  vortex  strength  from  pressure  sensors  (which  sense 
the  strength  of  the  aircraft  downwash)  on  the  ground.  However,  these  meas- 
urements would  not  be  as  accurate  as  sensors  of  vortex  position  as  a function 
of  time  and  would  not  provide  information  to  permit  improvement  of  the  esti- 
mate of  crosswind  based  upon  measurement- 
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6.  WAKE  VORTEX  AVOIDANCE  SYSTEM  DESIGN  CONSIDERATIONS 


The  data  contained  in  the  Data  Management  System  and  the  anaiysis 
contained  in  Sections  4 and  5 have  important  implications  for  the  design  of 
an  effective  Wake  Vortex  Avoidance  System.  These  design  implications  are 
discussed  in  this  section. 

6.1  DESCRIPTIVE  CHARACTERISTICS  OF  WAKE  VORTEX  AVOIDANCE 
SYSTEMS 

The  purpose  of  the  Wake  Vortex  Avoidance  System  (WVAS)  is  to  allow  se- 
lection of  optimal  spacing  criteria  on  final  approach.  Variable  spacing  is  implied. 
That  is,  the  spacing  between  any  two  particular  aircraft  may  be  a function 
(either  continuous  or  having  several  selectable  discrete  values)  of  the  type 
(or  weight  class)  of  the  lead  aircraft,  the  type  (or  weight  class)  of  the  follow- 
ing aircraft,  and  the  prevailing  meteorological  conditions.  The  performance 
index  of  the  WVAS  (i.e.,  the  criterion  by  which  " optimal"  is  judged)  is  the 
minimization  of  aircraft  delay  in  the  terminal  area.  Delay  is  defined  as 
the  difference  between  the  time  when  an  aircraft  lands  and  the  time  when 
it  could  have  landed  if  no  other  aircraft  had  been  in  the  terminal  area. 
Minimization  of  delay  may  include  a decrease  of  minimum  separations  from 
the  current  3-nautical-mile  Instrument  Flight  Rules  (IFR)  standard. 

The  delay  process  is  very  complicated,  and  delay  is  usually  calculated 
by  Monte-Carlo  simulation  techniques.  At  most  major  airports,  the  delay 
mechanism  for  landing  aircraft  can  be  described  as  a multiple  server  (i.e., 
multiple  runway)  non-steady  queue.  The  non-steadiness  arises  from  the 
variations  in  aircraft  demand  (i.e.,  number  of  aircraft  arrivals  per  hour) 
through  the  day.  With  an  active  WVAS,  non-steadiness  also  results  from 
aircraft  spacings  which  are  adjusted  according  to  changing  meteorological 


191 


conditions.  For  the  purposes  of  this  report,  the  equation  for  delay  for  a 
single  runway  in  steady  state  can  serve  as  an  indicator  of  the  characterif ‘^'cs 
of  delay  of  landing  aircraft  at  airports.  Aircraft  delay  is  discussed  in  Section 
1.4.2.  Aircraft  delay  is  technically  defined  as  waiting  time  in  the  queue  and  is 
given  by  (Ref.  28) 


X [e^  [At]  + Var[At]3 
q ■ 2 (1  - \E  [At]) 


where 

\ = average  arrival  rate  (aircraft  per  unit  time). 

E[At3  = expected  value  (mean)  of  interarrival  time  over 
the  runway  threshold.  The  inverse  of  E [At]  is 
theoretical  runway  capacity. 

Var[At]  = variance  of  interarrival  time  over  the  runway 
threshold. 


The  value  of  the  Wake  Vortex  Avoidance  System  is  in  increasing  runway 
capacity,  or  stated  alternatively,  to  decrease  E [A  t]  . The  effectiveness  of 
decreasing  E [At]  to  effect  a decrease  in  aircraft  delay  is  a strong  function 
of  aircraft  demand,  \.  It  is  therefore  expected  that  the  manner  in  which  a 
WVAS  is  operated  during  a particular  time  period  of  the  day  will  depend  on 
aircraft  demand  during  that  time  period.  For  a given  airport,  several 
sophistication  levels  of  WVAS  may  be  used,  depending  on  aircraft  demand. 

In  the  following  discussion,  several  levels  of  WVAS  are  described.  In  the 
most  sophisticated  levels  when  spacings  are  minimal,  the  execution  of  missed 
approaches  may  become  necessary. 

In  the  following  discussion,  several  principles  derived  from  Section  4 
are  used.  Specifically: 

All  wind  measurements  are  to  be  made  at  or  near  the 
asymptotic  altitude  for  heavy  aircraft.  Extrapolation 
of  wind  to  other  altitudes  on  the  basis  of  assumed  profiles 
will  not  be  done. 
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There  is  sufficient  variance  of  wind  over  space  so  that 
the  wind  measured  at  the  meteorological  tower  over  a 
short  averaging  period  cannot  be  assumed  to  be  equal 
to  the  wind  in  the  approach  region  for  the  same  time 
period. 

There  is  sufficient  variance  of  wind  over  time  so  that 
wind  may  vary  between  the  time  when  traffic  separations 
are  established  and  the  landing  of  the  aircraft. 

The  detection  of  turbulence  over  a known  threshold  level 
is  a sufficient  condition  for  short  vortex  life  (cf.  Fig.  18). 

The  actual  weight  of  a landing  aircraft  is  a very  important 
parameter  in  the  determination  of  vortex  residence  time. 
The  measured  residence  time  for  an  aircraft  cannot  be 
applied  to  a following  aircraft  of  a similar  type  (even  if 
wind  is  constant)  unless  it  is  known  that  the  aircraft 
weights,  approach  speeds,  and  aircraft  configurations 
are  equal. 

The  curves  shown  in  Fig.  8 indicate  a very  steep  slope 
of  vortex  transport  time  with  respect  to  crosswind  for 
vortex  transport  times  greater  than  60  sec.  The  use 
of  variable  spacing  based  on  crosswind  is  therefore 
very  doubtful.  For  example,  the  difference  in  cross- 
wind  for  a spacing  based  upon  a 120-sec  transport  time 
and  a spacing  based  upon  a 60-sec  time  is  1 ft/sec.  The 
accuracy  with  which  wind  can  be  measured  would  not 
permit  the  selection  of  spacings  based  upon  residence 
times  between  60  sec  and  120  sec.  Sixty  seconds  is 
considered  to  be  a minimum  separation  time  in  VFR 
conditions  from  runway  occupancy  constraints.  Sixty 
seconds  is  a 2.25-n.mi.  separation  at  a 135-knot  approach 
speed.  It  appears  that  the  purpose  of  transport  time  in 
a WVAS  may  be  interpreted  as:  "From  wind  conditions 
measured,  it  is  certain  that  a separation  distance  based 
upon  a transport  time  of  60  sec  is  safe"  or  "From  wind 
conditions  measured,  it  cannot  be  stated  with  certainty 
that  a separation  distance  based  upon  a time  of  60  sec 
is  safe,  and  therefore,  separation  distance  must  be  based 
upon  life  time  instead  of  transport  time." 

There  is  no  distinction  between  VFR  and  IFR  for  vortex- 
related  constraints.  Other  considerations  may  cause 
differences  in  separations  fo*-  VFR  and  IFR  with  an  opera- 
tional WVAS  in  place.  However,  the  physics  of  the  vortex 
problem  are  identical  for  VFR  and  IFR  and  therefore  the 
separations  imposed  by  vortex-related  constraints  are 
identical  for  VFR  and  IFR. 
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6.2  CONCEPTUAL  DESIGN  OF  A WAKE  VORTEX  AVOIDANCE  SYSTEM 


In  this  section,  designs  of  Wake  Vortex  Avoidance  Systems  are  dis- 
cussed at  several  levels  of  sophistication.  The  required  level  of  sophistica- 
tion may  be  related  to  very  light,  light,  moderate,  and  heavy  traffic  demand. 
For  the  purposes  of  this  discussion,  very  light  traffic  demand  is  defined  as 
[At]  < 0.4,  light  is  defined  as  0.4  <\E  [At]  <0.75,  moderate  is  defined 
as  0.75  < X L [At  ] < 1 .0,  and  heavy  is  defined  as  1 < X E [At]  where  E [At  ] is 
based  upon  3/4/5/6-n.mi.  separations. 

6.2.1  Zeroth-Order  System 

The  most  fundamental  WVAS  is  no  system.  It  is  optimal  for  very  light 
traffic  demand  since  reduction  of  spacing  from  the  3/4/5/6-n.mi.  standard 
will  not  reduce  aircraft  delay,  which  is  very  small  (average  of  less  than  20 
sec  per  aircraft)  for  very  light  traffic  demand. 

6.2.2  First-Order  System 

The  first-order  system  is  similar  to  the  Vortex  Advisory  System  (VAS). 
In  addition  to  the  measurement  of  wind,  as  in  the  VAS,  turbulence  measure- 
ments are  also  made.  The  first-order  system  assumes  the  existence  of  a 
data  base  by  which  life  time  can  be  known  to  be  less  than  certain  specified 
values  if  turbulence  exceeds  corresponding  threshold  values. 

The  logic  diagram  for  the  first-order  system  is  shown  in  Fig.  68.  The 
prediction  method  for  predicting  wind  and  turbulence  is  described  in  Section 
5.2.  Figure  68  uses  an  80-sec  separation  as  an  example.  Obviously,  other 
separation  times  could  be  used.  The  logic  shown  In  Fig.  68  may  be  stated  as 
follows;  if  the  5-min  prediction  shows  that  either  Life  time  or  residence  time 
will  be  less  than  80  sec,  the  80-sec  separation  is  used.  If  the  5-min  prediction 
shows  that  both  life  time  and  residence  time  may  be  greater  than  80-sec,  the 
current  3/4/5/6-nautical-mile  separation  standard  is  used.  The  15-min  pre- 
diction is  used  to  give  the  controllers  warning  of  future  trends. 
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Enter 


FIGURE  68.  FLOW  DIAGRAM  FOR  FIRST-ORDER  WAKE 
VORTEX  AVOIDANCE  SYSTEM 
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It  is  recognized  that  both  predictions  include  life  time.  (Life  time  is 
inherently  included  in  the  VAS  ellipses.)  However,  the  separate  measure- 
ment of  turbulence  provides  an  additional  criterion  for  the  exclusion  of  long 
vortex  residence  times.  This  additional  criterion  (turbulence)  will  preclude 
long  vortex  residence  times  during  periods  when  the  wind  criterion  alone 
would  not  preclude  long  vortex  residence  times. 

The  first-order  system  has  the  same  limitations  as  the  VAS.  Unless 
the  80-sec  separation  can  be  approved,  the  first-order  system  cannot  allow 
any  reduction  in  delay. 

6.2.3  Second-Order  System 

The  second-order  system  is  based  upon  vortex  prediction  as  described 
in  Section  5.3.  The  aircraft  separation  time  is  the  maximum  residence  time 
contained  within  the  99%  ellipse  of  the  5-min  prediction.  In  addition,  the 
maximum  residence  time  within  the  99%  ellipse  of  the  15 -min  prediction  is 
displayed  as  an  indication  of  the  magnitude  of  possible  change.  It  may  be 
be  appropriate  to  maintain  separate  predictions  for  wide -body  aircraft  and 
for  narrow -body  aircraft.  It  is  anticipated  that  the  ground  wind  vortex 
sensing  system  will  be  adequate  for  providing  the  necessary  predictions. 

In  practice,  sensors  should  be  placed  at  several  baselines  to  allow 
prediction  of  the  time  required  for  the  vortex  pair  to  clear  the  vortex  corridor 
at  all  points  between  the  middle  marker  and  the  touchdown  zone.  Figure  16 
and  Figs.  46-48  showed  that  a significant  difference  in  residence  time  can 
occur  for  two  different  baselines.  If  three  baselines  were  chosen  for  imple- 
mentation, a 6-dimensional  ellipsoid  (i.e.,  life  time  and  residence  time  for 
each  of  the  three  baselines)  would  be  used.  The  values  of  and  in  the 
formulation  of  Section  5.3  are  functions  of  the  number  of  baselines.  If  few 
baselines  (e.g.,  1)  are  used,  the  values  of  and  must  be  large  to  account 
for  uncertainties  at  locations  other  than  the  ones  at  which  measurements  are 
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made.  However,  if  the  number  of  baselines  is  large  (e.g.,  5),  and 
may  be  smaller  because  there  is  less  uncertainty  in  the  region  between 
sensing  lines.  The  optimum  number  of  instrumented  baselines  is  certainly 
a question  requiring  further  study. 

The  above  technique  is  valid  for  the  active  runway.  It  is  desirable  to 
calculate  the  99%  probability  ellipse  for  each  of  the  inactive  runways  to  deter- 
mine if  an  alternative  runway  would  be  preferable.  For  the  inactive  runways, 
the  wind  measurements  of  the  first-order  system  are  made.  The  transport 
time  characteristics  (mean  and  variance)  are  calculated  from  the  wind  and 
expected  variations  in  aircraft  parameters.  The  life  time  characteristics 
are  taken  from  the  life  time  behavior  at  the  active  runway.  The  residence 
time  characteristics  are  calculated,  and  the  99%  probability  ellipses  are 
generated  for  each  of  the  inactive  runways. 

6.2.4  Third-Order  System 

The  third  order  system  is  built  upon  the  second-order  system.  The 
aircraft  separation  time  is  the  maximum  residence  time  contained  within 
some  probability  ellipse  (e.g.,  90%  ellipse)  of  the  5-min  prediction.  It  is 
recalled  that  the  90%  ellipse  does  not  imply  that  there  is  a 10%  probability 
that  the  residence  time  will  be  greater  than  the  maximum  residence  time 
contained  in  the  90%  ellipse.  It  merely  implies  that  there  is  a 10%  chance 
that  the  residence  time  lies  outside  the  90%  ellipse.  For  each  landing  air- 
craft, transport  time  prediction  is  performed  as  described  in  Section  5.5.2. 

If  it  is  possible  that  the  vortex  will  not  clear  the  vortex  corridor  during  the 
aircraft  separation  time,  the  pilot  of  the  following  aircraft  is  warned.  The 
pilot  continues  the  approach  while  continuous  updates  of  estimated  residence 
time  are  made,  based  on  continuous  vortex  measurements.  If  the  estimation 
of  long  vortex  residence  time  persists,  the  pilot  must  execute  a missed  ap- 
proach or  land  further  down  the  runway  than  normal.  The  vortex  sensors 
for  the  third-order  system  (in  addition  to  those  required  for  the  second-order 
system)  are  described  in  Section  5.5.3. 
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The  transport  time  prediction  of  the  third-order  system  is  similar  to 
the  residence  time  prediction  in  that  the  appropriate  values  for  u are  strong 
functions  of  the  number  of  instrumented  baselines.  The  appropriate  number 
of  instrumented  baselines  is  a subject  for  further  study. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


The  preceding  sections  have  discussed  vortex  behavior  based  on 
analytic  considerations  and  based  on  measurements  made  at  JFK.  The 
formulations  for  vortex  prediction  using  vortex  sensing  as  a feedback  loop 
have  been  established,  and  conceptual  designs  of  WVAS  have  been  presented. 

7.1  CONCLUSIONS 

A summary  of  important  conclusions  which  relate  directly  to  the 
design  of  an  effective  WVAS  is  as  follows; 


Meteorological  parameters,  such  as  power-law  exponent  and 
roughness  length,  which  are  easily  observable  for  averaging 
times  of  the  order  of  15  min,  have  little  meaning  for  averaging 
times  of  1 min,  which  is  the  average  life  time  for  the  vortex. 

A transport  time  calculation  procedure  which  does  not  require 
numerical  integration  of  the  vortex  transport  equations  has 
been  developed. 

Vortex  residence  time  can  vary  significantly  from  flyby  to  flyby, 
even  for  the  same  aircraft  type  (for  both  analytical  and  experi- 
mental results). 

Although  vortex  residence  time  can  vary  significantly,  the  bounds 
of  vortex  parameters  can  be  calculated  by  considering  the  ex- 
treme values  of  independent  parameters. 

The  orientation  of  runways  at  an  airport  is  an  important  site- 
dependent  parameter.  Of  particular  importance  is  the  prob- 
ability that  a runway  whose  orientation  yields  short  vortex 
residence  time  can  be  found. 

Kalman  filtering  is  a promising  technique  for  vortex  prediction 
using  vortex  measurement  as  a feedback  loop.  This  includes 
both  prediction  of  residence  time  for  future  flybys  and  prediction 
of  residence  time  for  a given  flyby  based  on  measurements  during 
the  early  portion  of  the  trajectory. 
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7.2  RECOMMENDATIONS 


The  methods  presented  in  Section  5 are  the  first  definitive  concepts 
of  how  vortex  sensing  can  be  used  to  effect  vortex  prediction.  These 
methods  appear  to  be  very  promising,  but  require  further  development  to 
establish  their  feasibility  for  use  in  an  operational  WVAS.  It  is  emphasized 
that  reliable  vortex  prediction  is  essential  for  an  effective  operational  WVAS. 
The  recommendations  are  therefore  oriented  toward  the  validation  and  de- 
velopment of  vortex  prediction  using  vortex  measurements  as  the  feedback 
loop. 


It  is  reconrunended  that: 

Wind  prediction  should  be  validated  and  improved  using  continuous 
wind  measurements.  Validation  implies  determining  the  per- 
centage of  times  when  measured  wind  lies  outside  the  ellipse  that 
had  been  predicted  for  it  at  some  earlier  time.  The  reliability  of 
prediction  should  be  established  for  several  times  of  prediction 
and  for  several  probability  ellipses.  The  calculation  of  u and  oi 
should  be  evaluated.  In  particular,  the  averaging  periods  over 
which  If  and  co  are  calculated  should  be  examined  and  the  pre- 
diction discussed  in  Section  5.2  should  be  investigated  for  use  in 
the  VAS.  Wind  prediction  should  be  implemented  in  real  time 
with  99%  ellipses  for  a 5 -min  prediction  and  a 15-min  prediction. 

Prediction  of  vortex  transport  time  and  life  time  as  described  in 
Section  5.3  should  be  developed.  The  data  processing  algorithms 
for  the  ground  wind  vortex  sensing  system  should  be  evaluated  and 
modified,  if  necessary,  to  provide  the  data  necessary  for  prediction 
of  vortex  parameters  with  minimum  measurement  noise.  The 
methods  of  calculation  of  u and  o)  should  be  evaluated.  The  size 
of  the  99%  probability  ellipse  should  be  evaluated  to  determine  its 
size  under  a variety  of  meteorological  and  operating  conditions. 
Vortex  prediction  should  be  implemented  in  real  time  with  99% 
ellipses  for  a 5-min  prediction.  Design  and  development  of  alter- 
native sensing  systems  which  sense  ground  wind  due  to  vortex 
motion  should  be  initiated. 

Prediction  of  vortex  transport  time  and  life  time  (Section  5.3) 
should  be  developed  for  sensors  at  multiple  baselines.  Appropri- 
ate values  for  and  Wj.  as  functions  of  the  number  of  baselines 
should  be  derived,  and  an  estimate  of  the  optimum  number  of 
baselines  should  be  made. 

Transport  time  prediction  by  Kalman  filtering  (Section  5.5.2) 
should  be  developed  and  evaluated.  The  technique  should  be 
formulated  for  several  alternative  vortex  sensing  systems. 
Alternative  systems  inlcude:  the  laser  Doppler  velocimeter. 
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the  pulsed  acoustic  vortex  sensing  system,  the  monostatic 
acoustic  vortex  sensing  system,  and  the  ground  wind  vortex 
sensing  system  coupled  with  a pressure  sensor  for  aircraft 
weight  sensing.  Appropriate  values  for  the  measurement 
noise  p>arameters,  p,  should  be  established  for  each  of  the 
vortex  sensing  systems.  Of  jjarticular  significance  is  the 
evaluation  of  alternative  probability  ellipses  (i.e.,  the  square 
root  of  the  eigenvalues  of  the  P matrix)  as  a function  of  time 
after  generating  aircraft  passage.  Trajectories  for  different 
aircraft  types  should  be  examined  to  determine  if  60  should  be 
a function  of  aircraft  type. 
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Appendix  A 

DESCRIPTION  OF  WAKE  VORTEX  DATA 
MANAGEMENT  SYSTEM 

A computerized  vortex  data  management  system  (DMS)  for  cataloging, 
indexing,  manipulating,  and  retrieving  vortex  data  as  a function  of  atmos- 
pheric, aircraft,  and  site-dependent  parameters  has  been  developed.  The 
major  capabilities  of  the  DMS  include;  (1)  file  maintainence  (tape  read  and 
write,  additions,  and  corrections  of  data);  (2)  arithmatic  operations  (including 
statistical  manipulation  of  data);  and  (3)  retrieval  of  vortex  data  (plotting  and 
analysis).  The  purpose  of  the  DMS  is  to  catalog  the  vortex  data  in  such  a man- 
ner that  various  correlations  and  functional  relationships  can  be  conveniently 
determined  and  efficiently  displayed  from  available  vortex  trajectory  and 
meteorological  data.  Thus,  it  is  a useful  tool  for  the  refinement  of  the  ana- 
lytic model  and  for  the  formulation  of  a predictive  model. 

The  DMS  operates  in  two  modes.  The  first  mode  is  the  catalog  mode 
in  which  data  are  read,  calculations  necessary  to  generate  values  of  calcu- 
lated parameters  are  performed,  and  data  files  of  measured  and  calculated 
parameters  are  generated.  The  second  moJa  is  the  retrieval  mode  in  which 
stored  data  from  the  data  files  are  retrieved,  user -defined  calculations  are 
performed  on  the  retrived  data,  and  printouts  and/or  plots  of  the  retrieved 
data  (and/or  parameters  generated  from  user -defined  calculations)  are  gen- 
erated. The  basis  for  the  retrievals  is  a set  of  user-defined  values  of  one  or 
more  data  access  keys.  The  keys  are  selected  parameters  and  are  discussed 
more  fully  in  Section  A. 2. 2. 

The  DMS  uses  random  access  for  both  storage  of  new  data  and  retrieval 
of  data  prior  to  processing  and  presentation  in  the  desired  format.  This  enables 
the  user  to  retrieve  information  from  drums  or  disk  packs  without  resorting  to 
extensive  time-consuming  record-by-record  searching. 


A-1 


A.l  DATA  MANAGEMENT  SYSTEM  SOFTWARE  ARCHITECTURE 


The  essential  elements  of  the  vortex  data  management  system  showing 
the  major  computational  segments  and  modules  and  inputs  and  outputs  are 
given  in  Fig.  A-1.  As  shown  in  Fig.A-1,  the  DMS  program  consists  of  five  func- 
tional segments  labeled  MAIN,  COMPUTATIONAL,  ORDER,  PLOTTING,  and 
END.  Each  segment  contains  one  or  more  computational  modules,  and  each 
computational  module  contains  one  or  more  subroutines  to  perform  specific 
tasks  within  the  program.  By  virtue  of  its  modular  construction,  the  DMS 
can  be  overlayed  in  core  (on  the  Univac  1108  it  was  overlayed  into  less  than 
65  K of  core),  and  modifications  and  extensions  to  the  program  are  readily 
accommodated.  The  control  input  to  the  DMS  consists  of  control  commands 
to  the  various  computational  modules  and  input  data  tapes  and  is  determined 
by  the  particular  type  of  run  desired.  The  different  types  of  runs  avail- 
able are  described  in  Section  A. 2.  The  output  of  the  DMS  varies  with  the  type 
of  run  requested  and  is  specified  for  the  different  types  of  runs  in  Section  A. 2. 
The  MAIN  segment  of  the  DMS  monitors  the  entire  program.  The  COMPUTA- 
TIONAL segment  performs  the  tape  decode  and  performs  the  calculations  neces- 
sary for  the  generation  of  calculated  parameters.  The  ORDER  segment  arranges 
the  input  data  and  values  of  calculated  parameters  into  the  cataloged  data  files. 
The  PLOTTING  segment  generates  plots  and  printouts  of  retrieval  parameters 
and  contains  the  logic  for  initiating  searches  from  the  data  base.  The  END 
segment  closes  the  permanent  data  files  after  updates. 

The  MAIN  segment  has  access  to  the  Keys  file  and  the  Data  file.  The 
Keys  file  consists  of  values  of  selected  parameters  upon  which  selective  re- 
trievals may  be  based.  The  Data  files  contain  values  of  all  stored  parameters 
for  each  flyby,  including  vortex  trajectory  data.  Values  of  parameters  from 
the  data  files  may  be  retrieved;  however,  the  selection  of  flybys  to  be  retrieved 
cannot  be  based  on  the  values  of  parameters  in  the  Data  files. 

A more  detailed  description  of  each  of  the  DMS  segments  is  presented 
in  the  organizational  charts  shown  in  Figs.  A-2  through  A-5.  The  MAIN  segment 
(Fig.  A-2)  controls  the  overall  operation  of  the  program  and  l/O  functions  and 
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LiDV  ic  vortex  trajectory  data  measured  by  laser  Doppler 
velocimeters. 

GW  is  data  measured  by  ground  wind  anemometer  systems. 

PRED  is  vortex  trajectories  calculated  from  the  analytic 
transport  model  using  measured  values  of  meteorological 
parameters  and  assumed  values  of  aircraft  parameters. 

MET  is  measured  meteorological  data. 

ACOUSTIC  is  vortex  trajectory  measured  by  acoustic  systems. 


FIGURE  A-1.  SCHEMATIC  DIAGRAM  OF  VORTEX  DATA  MANAGEMENT 
SYSTEM 
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COMP  performs  the  tape  decode  and  performs  the  calculations 
necessary  for  the  generation  of  calculated  parameters. 

PLOT  generates  plots  and  printouts  of  retrieval  parameters  and 

contains  the  logic  for  initiating  searches  from  the  data  base. 

ORDER  arranges  the  input  data  and  values  of  calculated  parameters 
into  the  cataloged  data  files. 

END  closes  the  permanent  data  files  after  updates. 


FIGURE  A-2.  ORGANIZATION  OF  DATA  MANAGEMENT  SYSTEM 
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COMPUTATIONAL  SEGMENT 
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I TO  DRIVER 
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SUMLST 

FLYPRT 

DECODE 

KEYCMP 

LASRD 

GRWDRD 

PREDR D 

METRED 

DACCRD 


creates  a summary  listing  of  all  cataloged  flybys 
by  flyby  number.  Values  of  significant  data  access 
keys  are  printed  for  each  flyby. 

retrieves  and  prints  all  cataloged  data  for  selected 
flyby(s). 

reads  tapes  in  catalog  mode. 

calculates  values  of  data  access  keys  in  catalog  mode, 
reads  vortex  trajectories  recorded  by  LDV. 

reads  vortex  trajectories  recorded  by  ground  wind  anemometers, 
reads  calculated  vortex  trajectories, 
reads  meteorological  data. 

reads  vortex  trajectories  recorded  by  acoustic  system. 


FIGURE  A-3,  ORGANIZATION  OF  DATA  MANAGEMENT  SYSTEM  COMPUTA- 
TIONAL SEGMENT 
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PLOTTING  SEGMENT 


I 


VORPLT  Creates  data  report  (a  complete  set  of  all 

measured  parameters,  all  calculated  param- 
eters, and  all  trajectories  for  each  flyby), 

KEYFND  Selects  flybys  for  analysis  on  basis  of  user- 

defined  values  of  data  access  keys. 

SUMST  User-generated  analysis  subroutine  (may 

include  plots) 


FIGURE  A-5  ORGANIZATION  OF  DATA  MANAGEMENT  SYSTEM 
PLOTTING  SEGMENT 
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contains  the  following  modules;  DRIVER,  SUBDRIVER,  SEARCH,  INSERT, 
WRTDSK,  and  REDDSK-  The  DRIVER  and  SUBDRIVER  modules  monitor  the 
program  and  transfer  information  to  the  segments.  The  SEARCH  module 
locates  and  retrieves  entries  from  the  cataloged  files  when  the  DMS  is  oper- 
ating in  the  retrieval  mode.  The  INSERT  module  updates  or  extends  the  cata- 
loged files  when  the  DMS  is  operating  in  the  catalog  mode.  The  REDDSK  and 
WRTDSK  modules  control  the  read  and  write  from  the  disk. 

The  COMPUTATIONAL  segment  of  the  DMS  software,  illustrated  in 
Fig.A-3,  reads,  decodes,  and  processes  the  information  from  the  laser  Doppler 
velocimeter  (LDV),  ground  wind  sensor  (GW),  calculated  vortex  track  (PRED), 
meteorological  data  (MET),  and  Doppler  acoustic  tapes  (ACOUSTIC).  (While 
the  DECODE  module  was  written  to  accommodate  all  of  the  above  types  of 
vortex  sensors,  the  processing  of  Doppler  acoustic  vortex  tapes  was  not 
carried  out  during  the  contract  due  to  a small  number  of  available  measure- 
ments and  lack  of  concurrent  meteorological  measurements.)  The  COMP 
module  consists  of  several  programs  (shown  in  Fig.A-3)  for  processing  the 
information  read  in  from  tape. 

Preprocessing  (external  to  the  DMS  software)  of  all  data  occurs  before 
the  data  are  read  into  the  DMS.  The  LDV  tape  contains  vortex  altitude  and 
vortex  lateral  position  as  a function  of  time  for  both  port  and  starboard  vor- 
tices. Data  are  given  for  both  Laser  Van  1 and  Laser  Van  2.  The  GW  tape 
contains  vortex  lateral  position  as  a function  of  time  for  both  port  and  star- 
board vortices  for  each  of  the  three  ground  wind  anemometer  baselines.  The 
PRED  tape  contains  calculated  values  of  vortex  altitude  and  vortex  lateral 
position  as  a function  of  time  for  both  port  and  starboard  vortices  for  each 
of  four  baselines.  The  MET  tape  contains  a summary  of  meteorological 
parameters  averaged  over  the  128-sec  period  following  each  flyby.  A list 
of  specific  parameters  measured  is  presented  in  Section  3. 
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The  ORDER  segment  of  the  DMS  software,  illustrated  in  Fig.  A -4,  sorts 
the  input  control  cards,  lists  them  on  the  printer,  and  stores  them  on  disk. 

Plotting  and  display  of  retrieved  files  is  carried  out  in  the  PLOT  seg- 
ment of  the  DMS,  shown  in  Fig.  A -5.  The  KEYFND  routine  converts  the  input 
search  commands  into  logical  sort  and  retrieve  functions  and  then  performs 
the  retrieval  of  daU,  based  on  the  specified  values  of  selected  data  access 
keys.  The  SUMST  routine  is  a user-defined  routine  which  performs  mathe- 
matical operations  (such  as  correlation  coefficients  between  parameters, 
calculation  of  additional  parameters,  flagging  of  flybys  based  on  a user-defined 
criterion,  etc.)  and/or  user -defined  plotting  operations  on  the  the  retrieved  data. 

The  PLOT  and  VORPLT  modules  direct  the  retrieval,  computation,  and 
plotting  of  cataloged  key  parameters  in  a standardized  data  report  which  was 
generated  for  each  flyby.  A sample  data  report  is  given  in  Section  3.  Pertinent 
flow  charts  for  the  DMS  are  given  in  Appendix  B. 

A. 2 DMS  OPERATING  MODES 

The  DMS  software  operates  in  two  basic  modes:  catalog  and  retrival, 
as  described  below. 

A. 2.1  Catalog  Mode 

In  the  catalog  mode,  the  system  reads  tapes  containing  vortex  measure- 
ments,  corresponding  meteorological  measurements,  and  calculated  vortex 
tracks.  The  system  enters  the  information  into  discrete  files.  The  data  files 
consist  of  the  list  of  key  parameters  computed  or  derived  from  the  sensors 
as  well  as  the  arrays  containing  the  measured  and  calculated  vortex  trajec- 
tories and  the  wind  speed  and  direction  measurements.  The  format  of  the 
catalog  files  is  shown  in  Fig.  A-6. 

The  cataloged  data  files  contain  the  laser  Doppler  velocimeter  wake 
vortex  trajectories  (vortex  altitude,  horizontal  position  versus  time)  for  both 
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Data  Files 


Flyby 

Number 


Key  Files 


Flyby 

Number 


LDV  vans  (labeled  LVANl  and  LVAN2),  and  the  wake  vortex  trajectories 
measured  by  the  ground  wind  anemometer  array  (vortex  horizontal  position 
versus  time)  at  three  baselines  are  stored  in  the  data  files  (GWl,  GW2,  and 
GW3).  The  wind  measurements  (mean  and  standard  deviation  for  the  128- 
second  record  associated  with  each  flyby)  from  the  sensors  on  each  of  the 
four  meteorological  towers  are  stored  on  the  data  files.  The  calculated 
wake  vortex  trajectories  (vortex  attitude,  horizontal  position  versus  time) 
for  all  three  baselines  are  also  stored  in  the  data  files. 

The  cataloged  key  files  contain  the  values  of  the  48  data  access  keys 
computed  for  each  flyby  (discussed  in  Section  3.6).  A description  of  the 
OMS  catalog  capabilities  and  a sample  catalog  run  are  given  in  Appendix  C. 

A. 2. 2 Retrieval  Mode 

Retrieval  of  access  keys  and  cataloged  data  files  is  the  second  major 
function  of  the  DMS.  Retrieval  may  be  conducted  in  the  data-report  mode 
or  the  key-retrieval  mode.  In  the  data-report  mode,  data  reports  which 
contain  all  measured  parameters,  all  calculated  parameters,  and  all  vortex 
trajectories  are  created.  The  data  report  is  discussed  in  Section  3.5.  A 
sample  DMS  data-report  run  is  presented  in  Appendix  D. 

In  the  key-retrieval  mode,  the  system  searches  the  cataloged  data  and 
recalls  the  data  on  a selective  basis  according  to  sort  commands  in  the 
form  of  logical  IF  statements  performed  upon  the  values  of  the  data  access 
keys.  A summary  of  the  access  keys  available  in  the  program  is  given  in 
Table  8 (Section  3.6).  The  capabilities  of  the  key  compiler  for  retrieval  of 
the  vortex  parameters  is  illustrated  in  Table  A-1.  By  means  of  flexible  IF - 
type  sort  commands,  the  DMS  system  can  efficiently  retrieve  the  cataloged 
vortex  and  meteorological  key  parameters  to  determine  various  correlations 
and  functional  relationships.  A more  detailed  description  of  the  DMS  key 
retrieval  process  is  given  in  the  sample  DMS  retrieval  run  presented  in 
Appendix  E. 


1.  Hierarchy  of  Operators 

(1) .EQ.  .IS,  .TO. 

(2)  .NOT, 

(3)  .AND. 

(4)  . OR.  . XOR. 

2.  A Maximum  of  Five  Embedded  Parentheses  is  Permitted 

3.  Example  of  Lxsgical  IF  Statement  for  Retrieval  of  Vortex 
Parameters:  Retrieval  of  all  DC-10  or  L-1011  Flybys 
Where  the  Crosswind  at  the  40-ft  Level  for  Tower  1 
Was  Between  -5  and  5 ft/sec; 

IF  (V-40  .EQ.  -5.  .TO.  5.  .AND.  (AIRCFT  . EQ.  DCIO 
.OR.  AIRCFT  .EQ.  LlOll)) 


r 


i 

f 


t 

1 


In  additLon  to  the  search  and  retrieval  of  cataloged  key  parameters, 
the  DMS  has  the  capability  to  retrieve  the  complete  data  file  for  each  flyby 
which  contains  the  detailed  vortex  tracks  and  meteorological  measurements. 
A discussion  of  the  DMS  data  file  retrieval  capability  is  given  in  the  sample 
DMS  data  file  retrieval  run  presented  in  Appendix  E. 
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Attachment  B 

FLOW  CHARTS  FOR  DATA  MANAGEMENT  SYSTEM 

This  appendix  contains  flow  charts  for  the  major  segments  of  the  data 
management  system  shown  in  Figs.  A-2  through  A-4.  Flow  charts  for  seg- 
ments for  which  the  logic  is  simple  or  obvious  are  omitted.  The  segments 
in  this  appendix  appear  in  the  order  in  which  they  appear  in  Figs.  A-2  through 

A-4. 


B-1 


DRIVER 


FIGURE  B-1.  DATA  MANAGEMENT  SYSTEM  DRIVER  PROGRAM 
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COMP 


FIGURE  B-2,  SEGMENT  FOR  TAPE  DECODE  AND  PARAMETER 
CALCULATION 
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FIGURE  B-5.  SEGMENT  FOR  RETRIEVAL  AND  PRINTING  DATA 

FOR  SELECTED  FLYBYS  ) 

! 
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KEYCMP 


FIGURE  B-7.  SEGMENT  FOR  RETRIEVING  DATA  BASED  ON  LOGICAL 
IF  STATEMENTS 


Appendix  C 

SAMPLE  DATA  MANAGEMENT  SYSTEM  CATALOG  RUN 

The  procedure  for  cataloging  vortex  tracks  and  meteorological  param- 
eters into  the  data  management  system  data  base  is  illustrated  in  the  following 
sample  catalog  run.  Initially,  the  DMS  program  is  loaded  into  core  and  the 
three  tapes  containing  the  ground  wind  vortex  tracks  (GW),  meteorological 
measurements  (MET)  and  calculated  vortex  tracks  (PRED)  are  mounted. 

The  input  to  the  DECODE  routine  is  read  in  and  printed  out.  The 
catalog  run  output  consists  of  printouts  from  the  METRED,  GR-WDRD,  and 
PREDRD  programs  (pages  C-2  through  C-4). 
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Table  C-1 

SAMPLE  OUTPUT  FROM  CATALOG  RUN 
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Data  Input  Cards 
Line  1; 

Program  module  to  be  executed  (DECODE) 

Line  2; 

Data  card  for  reading  a MET  data  tape.  Reading  left  to  right:  First  word  is 
type  tape  to  be  read  (e.g.,  MET  or  GRWD);  next  number  is  tape  reel 
number;  next  is  logical  unit  to  which  tape  is  assigned;  last  number  is  number 
of  tracks  on  tape. 

Line  3; 

Sensor  information  card:  First  number  is  airport  code  (1  for  JFK);  next 
number  is  the  number  of  baselines  on  which  sensor  is  active  (not  applicable 
for  MET);  remaining  numbers  are  baseline  locations  (ft  from  baseline  1) 

(not  applicable  for  MET). 

Following  Lines: 

Repeat  of  cards  2 and  3 for  each  active  sensor. 
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Table  C-1  (Continued) 

'•*  OCT  j*  (NrC*IN«  Of  CO.  OCT  AND  fOCO  COORCSOOOO INC  TO  OfT  TAOC  J-Ol 


SUOROUTINC  HETREO 


0 Soo  KOEOET  IOIROOOOOOOO  llltOEOOOOOO  EEORSCCOOOOO  EOTOSAOOOOOO  lilOTIOSOOOC 

_fLlA*-MUH»ER_j  ATRClAfT-IO-  m-OCO oaTE-*-!  I A I • /«  T+OC- •-+•  I 

6 2*1  iXOlnET  201100000000  2IIS02000000  2201*1220000  20Tlt1000000  0T*T*2*70*0S 

flTOT  NUOBER  • |201<  *lR£R*fT  ID  « 0727  DATE  • II/IC/TS  TIRE  • lOtSIII* 

0 2*1  l2(<inET  20I100000000  2l|Sp2000000  2201*1011000  20T1S4000000  111070000*0* 

ft,T0Y  NUHBER  • 120*.  aircraft  id  ■ DC*  date  • ll/U/TC  TINE  • 101*7112 

0 28*  I2**hET  201100000000  211*02000000  2201**211000  207<l*8000000  1110700*0*0* 

FLIBT  number  ■ 1284^-AlRCRArr  ID  ■ 0C8  DATE  ■ 11/18/7*  TINE  • lOISTISf 

0 28*  l28AnET  201100000000  211*02000000  22o*02l2l000  207<I*1000000  1110700*0*0* 

FtTBV  number  • 12*7.  aircraft  10  • DC*  DATE  • 11/18/7*  TINE  • 11127:17  

0 287  1287MCT  2011000000no  211*02000000  220*01*71000  2078*1000000  07*7*2*70*0* 

FLTBT  number  • 1288.  AIRCRAFT  ID  ■ 8727  DATE  • ll/lS/7*  TIME  • 11112117  

0 288  1288MET  201100000000  211*02000000  22flSO*11O00O  2o7l51000000  1110710*0*0* 

ftTBr  number  • 128»a_A|RCRAFI  |P  • OCT  DATE  » ll/lS/7*  TIME  ■ IMlAil* 

0 289  1289HET  201100000000  211*02000000  220*11100000  207**1000000  1110*1*00*0* 

fltbt  number  • 1290,  a|RcraFt  id  • ocio  date  » ii/ib/t*  TIME  ■ ii:i«;i2 — 

0 29o  I290HET  201100000000  2l|*o2000000  22oSI*7IOOOO  207**1000000  07*7*0*70*0* 

FLtBt  number  • 1291.  aircraft  id  ■ 8707  DATE  • 11/18/7*  TIME  ■ li;*2:l*  - 

0 29|  I29IHET  201100000000  211*02000000  220S2|070000  2071*1000000  1110700*0*0* 

number  • 1292.  JIRCRaFT  ip  • 0C8  . DATE  a ll/lS/T*  T IHE-a  I | :*9 : 10 

0 292  I292MET  201100000000  211*02000000  220*21*71000  2071*1000000  07*7*0*70*0* 

FLTBT  number  • 1291.  aircraft  id  • 8707  DATE  ■ ll/IS/7*  TIME  a 12:  *1  1 — 

• 6 291  I291MCT  201100000000  211*02000000  220**1110000  207**1000000  1110710*0*0* 

FLT8T  number  • 1291.  A|RCRaFT  ID  • 0C9  DATE  a ll/IS/7*  TIME  a Ii:i2:i8 — 

6 291  I29*heT  201100000000  211*02000000  220***1*0000  2071*1000000  1110710*0*0* 

Fetbt  number*  129*.  aircraft  id  ■ PC9  DATE  • ll/IS/7*  TIME  a llllllll- 

0 29*  |2**HET  201100000000  211*02000000  220*71221000  2071**000000  07*7*2*70*0* 

FtTiT  number  ■ 129*.  aircraft  |0  • 8727  DATE  * 11/18/7*  TIME  a 11129:  * 

0 294  I294MET  201100000000  211*02000000  220*74210000  2071*1000000  1110710*0*0* 

FtTBr  NUMBER  a 1 297 • A 1 RCRaF T ID  a 0C9  DATE  a ||/ia/7S  TIME  a li:i*:l« 

0 297  I297HET  201100000000  2l|*n200fl000  22040|700000  2071*1000000  074740470*0* 

FJLT8T  number  a 1 29&t. J I "CR *F T |0  a 8707  DATE  a 11/18/7*  TIME  a |i:ii:i2 — 

0 298  I29BNET  201100000000  2l|&o200n000  220*0*400000  2071*1000000  074741470*0* 

Ftrar  number  a nr*,  aircraft  id  a btit  date  • ii/is/7*  time  a 111*1:14  . _ 

b 299  |299mCT  201100000000  211*02000000  2204107*0000  2071*1000000  074742470*0* 

FtT8Y  number  a 1100.  AIRCRAFT  ID  a 8727  DATE  a 11/18/7*  TIME  a |i;*b:I8 - 

n loo  IIOOHET  201100000000  211*02000000  220411101000  207l*1000000  074741470*0* 

fLT8T  number  a 1101.  aircraft  10  a 8717_  DATE  • 11/18/7*  TINE  • Jl!  SISi 

'ff  lOI  llOIMET  '201100000000  2 1 | *o'2000000  22o*l***OCOO  2071*1000000  074742470*0* 

FtT8T  number  a IS02i  AIRCRAFT  ID  a 8727  DATE  a 11/18/7*  TIME  a |*|  all* . 

0 l02  I102MET  " 201100000000  2l|*o2000000  220*14*00000  2071*1000000  IIIO7IOS0*0* 

FtT8T  NUMBER  a 1101.  AIRCRAFT  ID  a 0C9  DATE  • 11/18/7*  TIME  • IHIOIIO  

0 lol  HOlMET'  lonoooooooo  211*02000000  220*17100000  2071*1000000  07*740*70*0* 

FLTBT  number  a l>Oi.  aircraft  |p  a 8707  DATE  • l|/|S/7t  TIME  a li:i2t-0- 

b'  lol  HOlMET  201*00000000  211*02000000  220*2211*000  2o7l*1000000  1110710*0*0* 
FtTBT  number  a 110*.  AIRCRAFT  ID  a DC9  niTE  a ||/|8/7S  TIME  a li;i*:ll  - — — 

Sample  output  for  cataloging  meteorological  data.  There  are  two  lines  of  output 
for  each  flyby. 


Line  1; 


Internal  program  information  printed  for  debugging  purposes. 
Line  2: 


Information  on  flyby  being  cataloged. 
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Table  C-1  (Continued) 
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Sample  output  for  cataloging  ground  wind  anemometer  data.  All  information 
is  for  debugging  purposes. 
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Table  C - 1 (Concluded) 
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1 12*8200 

28>820a 

44.82PQ 

1 280 

I220PRE0 

28(0000 

1 28*0000 

•laOOOO 

128*0000 

)*t  8800 

128*8800 

72*8800 

128*8800 

*_1***700 

128*4100 

*”S8*8V00 

128*4100 

04*  7000 

128*7800 

24*7000 

128*7800 

1 284 

I220PKED 

10*0000 

128*0000 

. 11*0000 

128*0000 

10*8700 

128*8700 

■<*8700 

128*8700 

10*4700 

128*4700 

48*4700 

128*4700 

28*7100 

128*7100 

11*7100 

128*7100 

1 287 

l22aPRE0 

40*0000 

1 18*0000 

11*0000 

78*0000 

$7*0100 

111*0100 

1( *0100 

78*0100 

$0*9100 

102*1100 

24*1100 

48*1100 

27*7700 

a 1 * 7700 

SUI 


lill 


III07II 


201  <100000000  -2 1 1 002000000 


IMOOOOOO 


till 


lllf 


<01  < 


lloa-20Z OMOOOOOO  HtOTOOOOOoo- 


20MOOOOOOOO  <11002000000  22oOO< 1 2<I000  207<l0<l000000  lll( 


Sample  output  for  cataloging  calculated  vortex  trajectories.  All  information 
is  for  debugging  purposes. 
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Appendix  D 

SAMPLE  DATA  MANAGEMENT  SYSTEM  RUN 
FOR  GENERATING  A DATA  REPORT 

The  procedure  for  generating  plots  and  summaries  of  the  cataloged 
vortex  tracks  and  meteorological  parameters  in  the  form  of  a data  report 
is  illustrated  in  the  following  sample  run.  Initially,  the  DMS  program  and 
data  base  is  loaded  into  core  and  disk.  The  input  to  the  VORPLT  routine 
is  read  in  and  printed  out.  The  output  from  the  data  report  run  consists 
of  the  individual  data  reports  for  each  flyby,  discussed  earlier  in  Section  2, 
as  well  as  the  printout  from  the  VORPLT  routine  showing  the  status  of  the 
plots. 
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Table  D-1 

SAMPLE  OUTPUT  FROM  DATA  REPORT  RUN 


10  OCT  TO 


PtOT  or  rtTBTS  l2't0-TJ?0 


iN>uT  crobs 


VOOPLT 

12<l0 

1520 

-600.0 

600.0 

b.o 

200.0 

0.0 

160.0 

-600.0 

600.0 

0.0 

200.0 

0.0 

160.0 

-600.0 

600.0 

0.0 

200.0 

0.0 

160.0 

-600.0 

600.0 

0.0 

200.0 

0.0 

160.0 

END 


Input  Data  Cards 
Line  1; 

Progrann  module  to  be  executed  (VORPLT) 

Line  2; 

Flyby  number  to  begin  plotting  and  flyby  number  to  stop  plotting. 

Lines  3-6; 

Parameter  limits  for  plotting  for  baselines  1,  2,  3 and  4 (in  that  order).  Reading 
from  left  to  right:  Minimum  lateral  position,  maximum  lateral  position,  minimum 
altitude,  maximum  altitude,  minimum  time,  maximum  time. 
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Table  D-1  (Concluded) 


•••error***  jncorrect 
•••ERROR***  incorrect 
•••ERROR***  INCORRECT 
••*ERROR***  INCORRECT 


NO*  PLOTTING  FRA-HC  1 
NOU  PLOTTING  FRAME  2 
NOU  PLOTTING  FRAME  S 
•**ERROR***  INCORRECT 
•••ERROR***  INCORRECT 

•••ERROR***  incorrect 

•••ERROR***  incorrect 

NO*  PL01TING  FRAME  1 
NO*  PLOTTING  Frame  2 
NO*  PLOTTING  FRAME  5 
•••ERROR***  INCORRECT 
•••ERROR***  INCORRECT 
•'••ERROR***  INCORRECT 
•••ERROR***  INCORRECT 


NOU  PLOTTING  FRAME  1 
NO*  PLOTT ING  FRAME  2 

NOU  plotting  frame  i 

•••ERROR***  INCORRECT 
•••ERROR***  INCORRECT 
•••ERROR***  INCORRECT 
•••ERROR***  INCORRECT 


NO*  PLOTTING  FRAME  I 

NOU  Plotting  frame  2 

NO*  PLOTTING  FRAME  i 


SUNNARV  OF  DATA  PLOTTED  FOR  FLVBV  NO.  12R1 


SENSOR  10  MACCJ  _ _ __ 
SENSOR  ID  NACC2 

SENSOR  ID  TMON  

SENSOR  ID  FSCAT 

SENSOR  TYPE  PREP 


XBASE  ; 


.0 


SENSOR  TYPE  GRWD  XBASE  = 


SENSOR  ID  MACCI 

SENSOR  ID  MACC2  

SENSOR  ID  TMON 

SENSOR  ID  FSCAT  _ 

SENSOR  TYPE  PREO  XBASE  = -GSO.O 


SENSOR  ID  MACCI 

SENSOR  ID  MACC2  _ _ 

SENSOR  ID  TMCN 
SENSOR  ID  FSCAT 

SENSOR  TYPE  PREO  XBASE  ='  -1500.0 

_ SENSOR  TYPE  GR*D  XBASE  ^ -1500.0 


SENSOR  ID  MACCI 
SENSOR  ID  HACC2 

SENSOR  10  TMON  _ 

SENSOR  ID  FSCAT  

SENSOR  TYPE  PREO  XBASE  = -2800.0 
SENSOR  TYPE  6RU0  XBASE  = -2800.0 


Summary  of  printed  output  during  data  report  generation.  ERROR  indicates  no 
available  data  for  sensor  called.  When  a sensor  type  is  successfully  called,  it 
is  identified  with  the  corresponding  baseline  locations. 


Appendix  E 

SAMPLE  DATA  RETRIEVAL  RUN  FROM 
DATA  MANAGEMENT  SYSTEM 

The  procedure  for  retrieval  and  analysis  of  vortex  trajectory  and 
meteorological  Information  from  the  DMS  data  base  is  illustrated  in  the 
following  sample  run.  The  sample  shown  is  the  retrieval  used  for  generating 
the  plots  shown  in  Figs.  63  through  65.  Calculated  vortex  trajectories  based 
on  measured  values  of  initial  vortex  altitude,  initial  vortex  vertical  velocity, 
and  initial  vortex  horizontal  velocity  are  to  be  generated  and  compared  with 
measured  vortex  trajectories. 

The  user  must  wrilo  an  analysis  subroutine  (called  SUMST)  to  perform 
the  required  analysis.  The  subroutine  for  the  sample  retrieval  is  shown  as 
Table  E-1.  Comment  cards  with  asterisks  describe  general  information 
needed  to  perform  retrievals  and  conduct  analysis  of  the  retrieved  information. 
Comments  without  asterisks  contain  information  related  to  the  particular  ex- 
ample shown  in  Table  E-1.  The  input  data  cards  are  shown  in  Table  E-2. 

The  printed  output  is  a list  of  the  requested  data  access  keys.  A sample  for 
the  data  access  keys  shown  in  Table  E-2  is  shown  in  Table  E-3.  Additional 
printed  output  may  be  specified  in  SUMST,  Graphical  output  is  specified  in 
SUMST,  All  of  the  computer -generated  plots  in  this  report  (except  the  data 
report  plots)  were  generated  by  specification  in  SUMST. 
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Table  E-1 

ANALYSIS  SUBROUTINE  LISTING  FOR  EXAMPLE  OF  DATA 
RETRIEVAL  USING  THE  DATA  MANAGEMENT  SYSTEM 


dUBkOUTlNc  SU>’iST  (NVAi.u> 

C 

C**  aw.vjbT  1^  TnE  ANa^Y^I*  wU'’oT  Id  AT 

C**  The  Oc.ti  1 •>>N  I No  Jr  tV£i.«Y  «t.TKltVAu  WAl.v  I*  TMfc  NoMotK  uF  DATA 

C**  ACC£bS  .<EYi>  Tj  dc  TkA.\dMITTED  TO  iUMdT# 

C 

CJM>'10N/vaATA/*YP.«iAXtNBAd£<XAkAY  ( 4 } •kEZT  1>.(4  «2  ) (L  I F T 1 1*. ( 4 • 2 ) • t-N  < A « 2 ) « 
1T1m£< 100«A«2) tDJATAt 100t4«4) 

C 

C**  VOATA  is  The  CJ.-lt-ION  BcOCx  In  which  thajectohy  infohf.ation  is 
C**  STOHtu  WHtiN  A Voi^TLX  THAJtiCTO«Y  OaTa  KILL  Id  CauLc.J* 

C**  NHr».AX  « MAXlMo.^  NoMbE«  UF  PoINTd  IN  A TkA^uCTOKY. 

C**  NbASt  » NuMdCK  OF  bAStLlNcS  FOk  wHICh  uATA  mWc  STOHc.0. 

C**  XASAYdl  • oISTANCE  of  dAStOlNL  I (IN  A Ui^tCTION  PAWAuLtO  To 

C**  THE  HUNwAY)  .'^tASJPEO  KKCiv.  OASELINE  (• 

C**  RE2TI‘.<  I *01  s VwIKTEX  ktSlDfciNCt  TIF.l  FUk  VOhTEX  ON  sASE-lNt  I. 

C**  Jsl  FJH  STAKBOARO  VOkTEX*  0*2  FCH  PO»%T  VoHTEX. 

C**  LIFTIM(1*J|  a VORTEX  LIFE  TI.'iE  FUW  VORTEX  ON  OASELlNE  !•  0*1 

C**  FOk  STARBOAxO  VOr«TEX«  0*2  FOw  POwT  VOkTEX. 

C**  LNlIiO)  * .YO.'ibER  OF  POINTS  In  The  VOkTEX  THAJECTOwY  ON  uASc-LINc. 

C**  I«  J*l  FOi^  STARBOARD  VORTEX#  0*2  FOR  PokT  VORTEX. 

C**  TlFiEII.J.K)  a TINES  FOR  WHICH  vOkTEX  POSITION  DATA  ARE  AVAlLAoi.E 

C**  FOk  BAdELl.^C  O.  «.a  l FOR  STARBOARD  VORTEX.  .<a2  FOR  POk  T VOkTEX. 

C**  D0ATA(I«O,kI  * VOKTEX  PudlTlON  Ookkc,SPONu  INd  Tj  TlNtS  IN 

C**  T IHE  ( I • J * N ) FOk  oASEl.INE  O.  X*  1 FOR  bTAkuOAkD  oATEMAl. 

C**  position.  k*2  for  STArbOAk^)  VOkTEX  ALTITOOL.  N*j  FOR  PORT 

c**  VOkTEX  lATckAi>  POSITION.  Ka4  FOk  POkT  VoRTEX  A^TITUOc* 

C 

CoMHON/.mET/PLAw  ( 3*  a ) .NPOcY.cOEFF  ( J>  .C0tFV*OSTARI  ( 14  ) .OSTARt  ( Ic  ) • 
10STAR4(4 ) .ROJOHl ( 14  > «R0uGn2 ( 12>  .ROUGHA ( 4 ) . VGrAu(4 . 1 4 > .HCRGR4 (41. 
2Tt.MP  ( 1 1 ) t TemFk2  * TeF.Pa3*  ATtKp.  MPTu.HP*PREdH#HoriEd«  I PAdwt  3*4  ) *K  I Cn  < J » 
J.JfdlPi  10*4}  • oi^OiYTa.  • brunt  J • dTMo2  * pT  Ab3  « VdAR  ( 6 « 1 B ) • WAR  ( b « lo  ) 
dimension  T|.P  I 5 J ) • YlP  <50  ) • ZlP»50  ) • Tls(5C  ) * Y^-a  < 5C  I *ZlS(  50  ) • TGP(  50  ) • 
lYGp(bO)*TGS{50I *YGS(dO> 

C 

C**  MET  is  The  LJ  •k'ION  d^oCk  I\  wkIOH  .•IeTEORUeOG  I OAl.  INFORMATION  IS 

C**  dToKEU  when  THt  ^ltT  DATA  F 1 ee  IR  OAeeco.  pAr» Aiv.e T&RS  Ake 

C**  UEFIiNeo  Ii^  TAuLe  3. 

C 

DlMENdloN  TmP(  5 J I » ( 5O  ) ...MPtbO  ) • TKo(5U)  • YMO  ( 5O  ) •4Kd(  50  ) 

DIMENSION  EAbT (12)  •LABy(  I2>  tEABZC  12)  «VALU(20) 

DIMEF.SION  2bI  15)  #YbP(  15)  * Ytad(  15) 

O I MENS  lots  EG«(  2 1 ) 

DlMLNdloN  ZI(1JJI*V1N(100)  »«  OoT ( 100)  • ATYpE(d)  • Y 1N( B)  « YP (51  ) • Td( 51  ) 

1 *^(51  ) «v.(  3 ) «D.«(  3 ) tT  I ( 51  ) <DoM(4  • 3) 

REAL  Lok 
C 

C initial  VoKTcX  AlTITUJES  Fok  FEYoYd  451-311. 

C 

DAT  A 21/160. •ibJ.*l40.*l Od • • I vO • • 1 bU . • 4 00 ..Ibb**! 55 .•17d**lT0.« 

1 lo5* • 1 70. • 1 IJ. « i?0. .200* • IdS. « l3o. « 175. « 1 VO. • 14C. * 1 7C. • ICO*  « IsO* • 
2165. *200. •l05»»l7O*«I6O.«l4O.*l4U.«175.*6C.*lbB.*l5O.*l4O.*llO.«ll 


I 


E-2 


30 •«  170* • IbOa  « l^Oa • 1 03  aalbOaal 00  a a 1 60 ••  l^OaaJOO**  I33at  160*  • 

* 4200  a • 14ba  • 1 60  a f i Tt  a a 1 i*!- a • I 00  a • 1 GO  a * 1 43  a a 200  a • 1 Vba  a 1 7Ca  a 3^*0#/ 

c 

C INITIAL  VC^TICAL  VbUOClTlLS  Fok  FLVbYS  4fcl-tiUa 

C 

oat  AZ0UT/»6a  6 ^ •"•4aOb  a — ba  OOa  - V a a ^oajj  a —4  a2  I a •baT  I a •baJb  a — ja  o4  a —3 a 07 
1 a —7  a 3^  a -Da  69  a *•  7 a Oo  a — I a DO  a — 2a  V4  a -ba67  a— ba  <:  a— 7aoa-3a27a-Da43a 
2— 7 *00  a -ba  D 1 a“‘*a04a— aa4|  a— Ja43a— sacba  -ba4  a — 7 • o a -2  a 7b  a - I a 3D  a - 7 a a — 4 ab 
36  a - a 0 1 a -3  a V3  a — 3a  ?Da-Daa  — ba 1 1 a -4  a 7b  a —6  a 1 a— 4a44  a— 7 a 63  a — ba24  a - Jab^a 
4— Ja  a —6a  7a— Oa7la”ila  67  a — 2a44a-l a 4 1 a — I0a7a 

5 — ba  45  a “2  a 9 a — 4 a2  I a -4  a J7  a-4a3:^a  — a la  — Da  Dd  a -4  a 3^  a “D  a I3a-baya-7a 

639a39*0a/ 

C 

C INITIAL  CkOsSaaliSO  FOk  FLYbYb  451-blla 

C 

DATA  VIN/-1 |aa0aa-l5a9a-7a9a-10aa-lDaya-baoa-l0a9a-baCa-lDaDa-l6a7 
1 a —8a  I a —6a  7 a —4  ala— 7ala-Ga4a  —4  a<ia-lba6a-IDa3a-lbaVa  — D a I a -Da  7D  a “2  a 42  a 
2—  a 06  a —6a 9 a —6  a2a"4a2a  — 3a2a  — I3aba— 2ala  — lla7a— Ila3a0aa— 9a7a4a2a6a3a 
3*2 • I a — I a 93  a^iabna— 7abal ab4  a 2 a 29  a^aAcaOa  a -Da  Db  aba  a 2a  20  a2al4a4a9abab 
4 a Qa  a —3a 67  aOa  a*lal a— 4a 1 a 1 aJaOa  a 1 abaOabaOaba 13aja  39*0 •/ 

C 

C OATA  FOk  PklNTI.^0  dOUNOAklbS  OF  VOkTLX  COKKiOOk  ON  GkAPHDa 

C 

DATA  ZB/0 a a 1 0 a a 20 a a 30 a a 4C a a 50 a a 60a  a 70 a a bC a a 90 a a I 00 a a 1 1 0 a a 1 20  a a 1 dO a 
laUOa/ 

data  YBP/-l50a  a-lDOa  a-l50a  a - I DO a a - 1 dO a a - I DO  a a - 1 50 a a - I DO  a a - I SO a a 
1-I50a  a-150a  a -ibOa  a-150a  a-l50a  a-l50a/ 
oat  a YBS/ 150a  al^Oaa  ISOaa  1 DO a alSCaalDOaal 50  a a I dO  a a 1 DC  aalSOailSOaa 
1 IDOa  a IDCa  a ISO  a a iDOa/ 

c 

T C GhAPH  HLADInG  A.i3  oAbEL  UATAa 

C 

data  LGk/6MD>tD  FuabHYBY  NOabM  abk  JAYabh  abk  TI.Mc.aj*6 

IH  abkAlKCkAtbHFT  TYPabkL  abk  a bk  uASLabnLlNc.  Dabklb 

^ 2TANCa6Hfc  a6k  abk  FT  abkC  MlNOabk  / 

data  LAbT/6kTI>lc  AabMFTEk  A a 6k  I KCkaF  a 6kT  PASSabkAGE  a7*bk  / 

data  LAdY/bkUlSPLAabkCEMtNTabk  FkOr/;  abkkUNWAYabk  CcNTc  a bk«L  I Nu  ab* 
16M  / 

data  LAci2/6hAlT  1 TUabHDE  a l0*6k  / 

data  ATYPE/bhLlOU  a6HB747  abkB707  abko727  a6Mfa737  abkDClC  ab 
IkOCB  abkDCV  / 

DATA  Y iN/b  lat  /6aVa  Dba  9 a 4£.a  4 a 3ua  b a 64  a 9a  DOa3a  3D  a 1 / 
kETUWN 

ENTkY  SUMD(  VAwUi.hVALU) 

C 

c*#  SUMS  IS  TkE  EwIkY  point  AFTEk  EACk  Fl.YBY  «HlCk  SATISFIES  Tk£ 

C**  sELtCTl^^.'i  CPUc^IA  is  FOuNUa  VA*_U  lb  TkE  MATkIX  OF  VAcUE*  FOk  iMg 

C**  ktOUtSTtu  uaTa  AtCaSS  KEYSa  IWAU9  IS  TkE  NUkoEk  OF  DATA  ACCESS 

C**  *^£Yba 
C 

DO  21  Isl aNvALU 

IF  ( VALU< I > aEUa Ja ) VALU( I )«I aL3C 

21  continue 

c 

C fNCODE  INF  JRi  IAT  I yN  FOk  HEADINUS  ON  ukAPkSa 

C 

ENCODE  (901 aLoH ( 3) } VAlU( 1) 

9wl  FORMAT  (F5aCI 


1 

I 

! 


£-3 
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Table  E-1  (Continued) 


■»  |HC1=VALU(  j)/3600. 

( VAlU(  3 )''3oUO*  lH^)/bO  • 

SEC»VALU(3)-360J»lMH-6C*IMlN 
SEC»IMIN+.01»SEC 
ENCODE  (902>L(ji<  I d>  >SEC 
902  FORMAT  (F6»2) 

ENCODE  l904.L(i.'«(  7)  I IHR 
994  FORMAT  (14) 

t.<iR(  13)=VAt.ul4l 

ENCODE  (901 .LOKI 3) ) VAL0(2 > 

ENCODE  (907«L'j.'(l  2 1 ) 1 VALOltj) 

907  format  (F6.2I 
dAsQ* 

ENCODE  (906*L.C>r^(  Itt)  >BA 
9C6  FOR.MAT  (F6*0) 

C 

c determine  AMCRAFT  type  for  vortex  initial  LATcHAL  reparation. 
c 

Do  16  l«lfB 

IF  ( VALU(4) .tO.ATYPEI I ) ) 00  TO  19 
16  CONTINUE 
RETURN 

19  YP(  I )»-YlN(  I 1 
Yi( I )«YlN(  I ) 

1Fy»VALU( 1 I -AAV .9 
zt I )»Z1 < IFY) 

GAM»Z00T<  IFyI  / I I )/(  ( 2.*^<  I > ) **24-(2.»Yb(  1 ) ) »*2)-.5/Ya<  i I t 

1S»1 

VlsVlNI IFYI 
T*0« 

01  I )»YP( I ) 

0(2)«VS( 1 ) 

0(3)sZ( 1 ) 

DO  120  l*lt5i 
Ti < J )*T 
YP(  n»ou  > 

YS(  I )«Ot2) 

Z< I )«0(3) 
t 

C calculate  VORTfcX  TRAJECTORIES* 

I 1 0 YD«GAM*  ( *o(3)-jt  1)  )**2/*  12.*wl3)  )**2+(U(2)-o(  t ) )**2)  )/'(2**-l3)  I 
Do<  I ) «V I-YD 
Do<2l«Vl^YJ 

o«(3)«GA..,*(  (^12)  1 ) J/<  <2.*'-l3)  )**2+(ot2)-v-C  I ) )**2)  - 1 ./ ( s- ( 2 ) -o  < 1 

U>) 

c RONOk  is  a PJ.^Gl-XuTTA  INTEOKATIJN  LjLcHOUTInc.  lIoTED  after  THl^a 

C Rw'MROoT  I 'lE. 

call  RUNGi^  W • 2 . * ^ • UC  • 3 • IS*  DOM  > 

IF  ( IS.GT. 1)  oO  TO  lie 
12C  CONTiNUt 
C 

c RtTMlEVAi-  3F  T.-<mJc.CTCRy  OaTm  HoR  uMbcR  VAN  I* 

C 

CA^c.  RfcUOS'^  ( ‘>rluVArT  I • I ACT  ) 

C 
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Table  E-1  (Continued) 


C««  KtOOSK  KET^ldVta  OATA  FHO(«.  UATA  FlLii, 

C*«  5MLVANI  HefKItVtS  DATA  FOR  LAStR  VAN  1. 

C«*  5HLVAN2  WeTi<ItVeii  DATA  FOR  t-ASER  VAN  2. 

C*»  AMGkWD  HETrtlEVEi  GROUND  J/INO  ANEMOMETER  DATA. 

C**  4MPREO  HETiXlEVtS  CALCULATED  VORTEX  TRA JECTUR I Eb  bTOWED  IN  DMS. 

C**  3MMET  retrieves  meteorological  OATA. 

C**  IACT*l  IF  SENSOR  IS  ACTIVE.  lACT.O  IF  SENSOR  IS  INACTIVE. 

C 

IF  ( lACT.EO.J)  SO  TO  2S 
NlP<LN( 1 .2) 

00  22  I>1.NlP 
TLP<  I )>TI.AE(  I >1 .21 
YLP( I IsDDATaI 1.1.3) 

2LP( 1 )«UDATa< 1.1.4) 

22  ARITE  (6.aOO)  I . TLPI I ) . YLP( I ) .2lP( I ) 
euO  FORMAT  I 14 .nF 10. 2) 

NLS*LN( 1.1) 

DO  24  1>1.NlS 
TLSI 1 )*TlMc( 1.1,1) 

VLSI  I >>OUATAl  1.1.1) 

2LS(I1<00ATA  11.1.4) 

44  IKRITE  (6.S00I  1 ,TLS(  I ) .VLSI  I ) .2LSI  I ) 

retrieval  I I AJECTORY  uATA  FROM  uASER  VAN  4. 

25  CAli.  REDOSk.  ( 3HLVAN2.NACT ) 

IF  (KACT.EO.O)  uO  TO  00 
N«p=LN( 1 .2 ) 

00  26  1 - 1 . NMP 
TMP( I l=TIME( 1.1,2) 

YMP( 1 I^DOATaI 1,1,0) 

26  ZMP( 1 )<0DATA( 1 . 1 .4 ) 

NMS=LN( 1.1) 

00  £8  I=1.NMS 
TMSI l)«TlMe( 1.1,1) 

YMSI I )=00ATA( 1.1.1) 

48  2FiS  I 1 ) .^DDA  TA  1 1 . 1 .2  ) 

retrieval  of  Gi-iOUNO  WIND  ANeiY.oF.ETER  OATA. 

30  call  REDOS<(4H3r<WD.OACT) 

IF  (OACT.EO.O)  SO  TO  SO 
NGP>LNI 1.2) 

DO  32  1 > 1 . NGP 
TGp{  I )=Tl.vlE(  1.1.2) 

YGPC  I )aiJOATa(  1.1.3) 

32  WRITE  (6.800) 1 .TSPI I ) .YGP( 1 ) 

NSS^LNI 1.1) 

00  34  lAl.NGs 
TGS( 1 )«TIME( I ,1 ,1 ) 

YGS< 1 )=OJATa( 1.1.)) 

34  WRITE  (6.800) I . TGS( 1 ) .VGS( I ) 

C 

C plot  vortex  AsIlTuDE  VER4U0  T1,-.E  For  CALCOi.ATc.bi  AND  F.c.ASCRcO 

C TRAOECTOrIES. 

c 

so  L«-l 

IF  (lACT.LO.Q)  oO  TO  cO 
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Table  E-1  (Concluded) 


call  CUlKJ  ^0(J*  « b 1 •L^'tiZ  t NLP*  TuP*  ZLP  ) 

call  (O*0*ilAO**O**  2 JU  • • bO  •k.AoT  « uAoa.  «nl.c>  « Tub*  ) 

call  GOIKJL (0  *0*  * 140*  *0« • 20C • • 2C •LAbT  « LAuA * -bl *T1 *Z> 

IF  ( <ACT  cNc  • 0 ) CALL  GUl  K3L  (0*0*  • 140**0*  «c00«  • b4  (L  AbT  *LAdZ  * N.MP  * Ti^tP  * 
IZMP) 

IF  (KACTsNEaO)  CALu  Q J I K3L ( 0 • 0« • 1 40 • « 0 • * 200 • « b3 *L AdT *LAbZ * NMb * TMS* 
IZMS> 

call  P.^tNTV  ( lZ6*LGK*b*  1007) 

call  UUl<3L  (-1  v-bOO*  *600*  *0*  * 140*  *;>!  *LAbY*LAuT*NLP*YLP*TLP> 
call  LUIK3L  ( 0 »-600* *600* *0* * 140* •30*LAoY*LMdT •NLd*YL3*TLb> 
call  GUl<3L(0 1-600*  *600*  *0** 140*  *20 *LAaY *LAoT  * -bl * YP*  T1 ) 
call  OUl.<3L(Ot-000*  *600*  *0*  • 140  • *40  (LAuY  «LMt>T  *-b  1 tYb*!!  ) 
lF(KACT*Nc.*0*  ) call  GG  I K3L  < 0 * >600*  tbOO*  *0*  * 140*  * 34  • LmcY  tL AuT  « NNiP  « Y 
1MP,T.''.P) 

1F( KACT*NE*0*  > CALL  COl <3L ( 0 • -600*  « bOO*  *0*  * 140*  *b4 * LAoY  *LmoT « NMP • Y 
lMb*TMS) 


LsO 

60  IF  (JACT.ECi.O)  GO  TO  60 

call  UUIK3L(L»-600. *6C0.*0* • 140*  *21 *lAoY •LAfaT *nGP * YOP. TGP ) 
call  QUlK3L(0«-60O*  *600*  «0*  « 140*  *24  *LAbY (LAbT *NGb * YGb * Tub ) 
call  QU1K3L  ( 0«-600* *600* *0* * 140* « 14 *LAbY*LAuT« l3* YbP*Zb> 
call  UU1K3L  ( 0 t-600*  *600*  *0*  * 140*  « 1 4 *LAdY  * uAoT * lb • Yub*Zo) 
call  P>41NTV  ( 12t>tuGP*b*  1007) 

bO  call  UUlK3L  (Ot  — 600**  600 •<0**140**14  *LAbY  *uAb  T * 1 3 « YuP*  Zb ) 
call  GOl  r<3L  (J*  — 600*«  600  •«0*  *140**  14  *LAo  Y « LAoT  •l3*YDb«Zb) 

CAlu  PPINTV  (126*LG»^*b*  1007) 

return 

ENTRY  CuHk  (NVAuO) 

c 

c**  CORR  IS  THE  E.'iTKY  POINT  AT  THE  ENb  OK  Trtt  kEThIuVAL  ( *rtEN  mll. 

C**  flybys  WHICH  KidtT  THE  SPECIFILJ  SELECTION  CHITuHIA  HAVE  BEEN 

C**  FouNO)* 

c 


keturn 

C.NO 

*FOK«lS  RUNG1*KUNG1 

subroutine  ROi'«GA(X«DX«Y*DY*N* 

WUNGE-KUTTA  METrlJU  FOR  SOLVING  DIFFERENTIAL  EuuATluNc 
ARGUMENTS 


X INC  £P£.'jOc.<T  VAkIAduE 

DX  STEP  SIZE  FOR  X 

Y dependent  variable 

DY  RATE  OF  CHANGE  OF  Y '4)  I TH  RESPECT  TO  A CHANGE  IN  X 
N NUMBE^^  OF  DEPEiNUENT  VAkIaduuS 

OUM  WORi^ING  STOkAOE 

IS  inoicaT&s  Pass  (~i  fihst  =£  ^ecunu  =3  trIro  =4  Fw'UKTri) 

DlMENaluN  Y(  U)  » JY(N)  *DU**<(4*N)  • JTaU<  J) 

DATA  DTWO  /•7>*3fl*  / 

entry  rung 
IF< lS-1 ) 20,2*6 
2 DO  5 Isl •N 

5 DUM(4* I )sY< 1 ) 

d GO  TO  <6* lb,6*l^) * IS 

6 Xsx<f*5*DX 

1 B Du  10  I 3 1 * N 

IF{IS-3>  16,ltJ*i7 

16  DUM(  IS*1  )«OX*w>Y(  1 ) 

YI  I )«0uy.(4*  I IS*  I )*3T*Oi  lo) 

Gu  TO  1C 

17  Y < I ) sQlM  (4*I)^aX  66666ub7*  C DOF  Il*I)'^2*  *DGM  I «;  * I ) +2  • *UUM  (3*1)  +UX* 
A DY( 1) ) 

10  continue 

40  lSslS4>l 

1F|1S*GT*4)  is>i 

return 

C.N0 


rungoooo 

RUNGCOlO 

RUNG0g20 

RUNG0C30 

RUNG0050 

RUNG0070 

RuNGCO^O 
kUNuOIOO 
RgNGC 1 10 
RUNGOl 20 
R JNoO 1 30 
RdNx»0140 
RUNGC l&C 
RUNGO 160 
RUNGO  t7C 
RUNGO IdO 
RUNGO 190 
RUNU0200 
RUNG0210 
^<UNGG220 
RdNG023C 
RUNG0240 
RUNO02S0 
RDNG0260 
RUNG0270 
RUNG0260 
R«jNG0c90 
RoNGOuOO 
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Table  E-2 

SAMPLE  INPUT  CARDS  FOR  EXAMPLE  OF  DATA  RETRIEVAL 
USING  THE  DATA  MANAGEMENT  SYSTEM 


1 

1 1-  ( r<UNi\0  • •■+31.  •To. -^11.) 

b KONINv.'  JhT  rii.':.JA 

(3Fi.-!.2  + AL..HX,Fi0.2) 


M 1 mCt  T 


V — ^0 


Card  1 

Number  of  Retrievals  to  be  Conducted  (Col.  16) 

Card  2 

Logical  IF  Statement  by  Which  Flybys  to  be  Included  in  the  Analysis 
are  Selected. 


Card  3 


Number  of  Data  Access  Keys  to  be  Printed  (Col.  5)  and  List  of  Data 
Access  Keys  to  be  Printed  (Cols.  11,21,31,41,...).  List  of  Data 
Access  Keys  May  be  Continued  on  a Second  Card,  if  Necessary. 


Card  4 


Format  in  Which  the  Values  of  the  Data  Access  Keys  are  to  be  Printed. 


E-7 


Table  E-3 


DATA  OUTPUT  FOR  EXAMPLE  OF  DATA  RETRIEVAL 
USING  THE  DATA  MANAGEMENT  SYSTEM 


« search  is  being  PEREORHEO  based  on  the  F0LL0UIN6  LOGIC  STATEHENT 
IF  (RUNN0.E0.451..T0.511.) 


NO 

DAY 

TIMEOA 

AINCFT 

V-^(0 

451.00 

1 36.00 

492  66. 

DC9 

^ 1^  :Ct 

4S2.00 

136.00 

49885. 

B707 

453.00 

136.00 

50219. 

B727 

454.00 

136.00 

50316. 

0C9 

-13.78 

455.00 

136.00 

50862. 

B727 

456.00 

136.00 

50995. 

0C8 

-15.09 

457.00 

136.00 

52235. 

B747 

-9.40 

458.00 

136.00 

52382. 

B727 

-13.39 

459.00 

136.00 

52501  . 

B707 

-10.68 

460.00 

136.00 

52776. 

B747 

*****  * **** 

461.00 

136.00 

52990. 

DC9 

-14,52 

462.00 

136.00 

53790. 

VCIO 

*****  ***** 

463.00 

136.00 

53919. 

B747 

-7,11 

464.00 

136.00 

54087. 

oce 

-6.47 

46S.00 

136.00 

54211. 

B707 

-4.34 

466.00 

136.00 

54345. 

8707 

-3.47 

467.00 

136.00 

54646, 

B727 

-10.38 

466.00 

136.00 

54791  . 

B727 

-13.62 

469.00 

136.00 

54902. 

Lion 

-9.79 

470.00 

136.00 

55115. 

8727 

-15.49 

471.00 

136.00 

56379. 

0C8 

-5.48 

472.00 

136.00 

56475. 

B747 

-5.88 

473.00 

1 36.00 

56602. 

B727 

-6.32 

474.00 

136.00 

56750. 

VCIO 

****m*** ** 

475.00 

136.00 

56821. 

8747 

-8.46 

476.00 

136.00 

57000. 

B747 

-6.89 

477.00 

136.00 

57228. 

8707 

-6.15 

478.00 

136.00 

57367. 

8727 

-4.69 

479.00 

136.00 

57444. 

DCS 

**0*t‘*  **  ** 

480.00 

136.00 

57581. 

DCS 

-7.49 

481.00 

136.00 

58016. 

B707 

-5,43 

482.00 

136.00 

58230. 

8727 

-9.44 

483.00 

136.00 

58396. 

B747 

-8,26 

484.00 

136.00 

58635. 

B747 

-9.60 

485.00 

136.00 

58877. 

B727 

**0*** **** 

486.00 

136.00 

59019. 

8727 

********** 

487.00 

136.00 

59117. 

B727 

********** 

488.00 

1 36.00 

59214. 

0C8 

********** 
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Table  E-3  (Concluded) 


489.00 

136.00 

59346. 

B747 

490.00 

136.00 

59453. 

6747 

491.00 

1 36.00 

59602. 

CC8 

tft******** 

492.00 

136.00 

59695. 

B707 

********** 

493.00 

1 36.00 

59806. 

DCIO 

********** 

494.00 

1 36.00 

59914. 

2 E PR 

********** 

495.00 

136.00 

60028. 

B707 

********** 

496.00 

136.00 

60133. 

B727 

********** 

497.00 

136.00 

60228. 

DC9 

********** 

498.00 

136.00 

60383. 

DCIO 

********** 

499.00 

136.00 

60522. 

B7D7 

********** 

500.00 

136.00 

60661  . 

B747 

********** 

501.00 

136.00 

60891  . 

B737 

********** 

502.00 

1 36.00 

61137. 

B707 

1.04 

503.00 

136.00 

61242. 

0C8 

1.01 

504.00 

136.00 

61348. 

B707 

-2.93 

505.00 

136.00 

61488. 

Lion 

3.76 

506.00 

136.00 

61554. 

8747 

5.59 

507.00 

136.00 

61686. 

8727 

********** 

508.00 

136.00 

61772. 

8727 

4.86 

509.00 

136.00 

61850. 

B747 

4.01 

510.00 

136.00 

61945. 

Lion 

4.69 

511.00 

136.00 

62043. 

DC8 

14.48 
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Appendix  F 

REPORT  OF  INVENTIONS 


The  purpose  of  the  work  performed  under  this  contract 
and  reported  herein  was  an  analysis  of  aircraft  wake  vortex 
data  measured  at  Kennedy  International  Airport  in  Jamaica, 

New  York.  The  work  included  the  formulation  of  a computerized 
data  management  system  for  effective  retrieval  of  data  and 
the  analysis  which  used  the  data  management  system  for 
selective  retrieved  of  data.  Because  the  purpose  of  the  work 
was  analysis  of  existing  data,  no  innovation,  discovery, 
impro  sment,  or  invention  was  made. 
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